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INTRODUCTION 
A Study of various complexes of molybdenxim (ill) and 
(IV) has "been made and various physical properties have 
been investigated. 
Complex Halides; The magnetic moments of the 
complex halides show that molybdenum is trivalent with 
three unpaired electrons» From these moments the use of 
2 
¡4d 5s 5p-̂  orbitals is indicated for octahedral structure. 
The magnetic moment, 3.66 B.M. for (NĤ )̂ Mo Cl^ .H2O is 
reported for the first time and its structure has been shown 
to be octahedral. The following compounds have been pre-
pared for the first time: Li^ Mo Clg .91120, anhydrous 
(NĤ )̂ MO Clg and the double salts, Lî ^ Mo Cl^ .5H2O, 
Kj Mo Cl^Q .6H2O. The compounds Mo Cly .5H2O, 
(NĤ )̂ Mo Cly .21120 and Ky Mo Cl^^ .6H2O have been shown to 
be double salts involving the octahedral structure 
R^ jjAo Cl^ .X R CI 
Complex Cyanides: The cyano complexes are diamagnetic 
when the molybdenum is trivalent as in K̂ ^ Mo (CN)^ .2H2O and 
tetravalent as in K Mo (CN)^, K̂ ^ Mo O2 (CN)^ and K̂ ^ MO(CN)Q 
.2H2O. The white cyanide K Mo (CN)^ has been reported for 
Ol) 
the first time and its proposed structure is a 
tetragonal pyramid involving 5S orbitals. The 
black cyanide K^ Mo^^^ (GN)y .2H2O being diamagnetic 
must involve a M© - Mo bond. It has been shown 
that this compound decomposes by oxidation to the 
yellow K^ Mo (CN)Q, the white K Mo (GN)^ and KOH.. 
The anhydrous K̂ ^ Mo O2 has been reported for 
the first time and its proposed structure is do-
decahedral» 
Oxalate and Carbonate Complexes: In the 
oxalate and carbonate complexes the molybdenum has 
a valency of k and the effective magnetic moments 
are diamagnetic. The oxalate complex (NH^)^^ Me (Ox),8H20 
has been reported for the first time; with chelation 
and a co-ordination number of 8 a dodecahedral structure 
U 3 
has been suggested involving i+d̂ Ss 5p orbitals. The 
carbonate complex Kg Mo(GO^)^ .2H2O has been reported 
for the first time. 
Thiocyanate Complexes; Magnetic susceptibility 
measurements have shown the molybdenum in these com-
plexes to be trivalent with three unpaired electrons. 
ilii) 
The following compounds have been prepared for 
the first time: 
Mo(SOT)g .00 .CH^ and 
im^) MO(SON;^ •J4H2O 
and it has been shown that both these compounds are 
octahedral, 
Oompounds of Molybdenum III with Bidentate Ligands; 
Ohelation complexes with o. phenanthroline and 2:2*di-
pyridyl have been prepared for the first time:-
MoCphen,)^ 01^; Mo(phen,)^ Br^; Mo(phen. )3 
Mo(dipy03 01^; Mo(dipy.)3 Br^; Mo(dipy.)3 ly 
The magnetic susceptibilities indicate three unpaired 
electrons in all of these compounds and it has been shown 
2 
that i|d 5s 5p-̂  orbitals are used for octahedral struc-
tures. 
SECTION 
A, General Review 
Molybdenum is an element of sub-group YIA 
of the Periodic System. Its atomic number is k2; 
atomic wei^t, 95.95(1). Sidgwick (2) records (p.1028) 
that molybdenum was discovered by Scheele in 1778, in 
molybdeniteMoSg- However, Killeffer and Linz (3) p.195> 
report that in Cromwell Mortimer, Secretary to the 
Royal Society, published a second edition of a work by 
John Andrew Cramer in Latin and estimated to be written 
in the early 1600*s dealing with "molybdena". 
Physical characteristics of molybdeniim, such 
as density, melting point, boiling point and electrical 
resistivity lie between those of chromium and tungsten. 
Molybdenum has, like the other elements of sub-group VIA 
a maximum positive oxidation state of 6 besides lower 
oxidation states• Molybdenum forma compounds having 
positive oxidation states of 2, 3, k, 5 and 6. Chromium 
however, forms compounds of a more limited number of 
oxidation states 2, 3 and 6. Chromium shows marked 
differences between these oxidation states, +2 being 
basic, +3 is amphoteric and +6 is acidic. The chromous 
salts are strong reducing agents and the chromâtes in 
3 0009 02987 5478 
acid solutions are powerful oxidising agents. This 
diversity does not exist with molyhdenxim. The quin-
qué valent molyhdenum has been used as a reducing agent 
for the determination of ferric ion {k) and in the 
potentiometrie titration of iodate, brómate, dichromate 
and vanadate (5)* 
Chromium forms simple ions corresponding to Or 
and Cr"̂ "̂ *̂  whereas the lov/er valencies of molybdenum are 
largely non-ionised, for example, water insoluble Mog CJl̂ ĵ  
and Mo 01^. The molybdenum (IV) ions do not exist in any 
stable form but the uncomplexed tri-positive ion appears 
to be capable of existence in aqueous solutions as in 
Mo Cl^ when a solution of molybdic acid in hydrochloric 
acid is electrically reduced. 
Chromium (ill) is the most stable state of chromium 
but molybdenum (Vl) is the most stable of the oxidation 
states for molybdenum. The chemistry of this (Vl) state 
is complicated by the formation of isopoly and heteropoly 
anions. qhromium does not give these poly and hetero 
compound formations. 
Ions such as H3 MOg Og^ ag.J [mOq OggJ k-
. fi-la 
(6) (7) "(8). 
Mo^o «̂-qJ ̂ ^ have been established by X-ray methods 
These indicate the possible complexity of molyhdates 
of molybdenTom (Vl). 
Carpeni (20) says that the constitution of 
molyhdate solutions depends on the concentration of 
Mo the pH, the ionic strength, age of solution 
and the temperature; and that at concentrations of 
Mo below about 0»0C)03M there is only one species 
3-
Mo - over the whole range of pH# 
Molybdenum Blue has been found from'.analytical 
values to have various compositions and these have 
depended on the manner in which the molybdenum blue 
has been produced* In all preparations of moly-
bden\im blue the ratio of molybdenum to oxygen is 
greater than 1:25 but less than 1:3. (3)(9) 
The blue material is colloidal (13)* Tungsten formes 
mixed oxides of tungsten blue which are probably similar, 
Molybdenum forms halides in all states but not with 
all halides in all states• The highest valency state 
of molybdenum for the fluoride is six to give Mo Pg 
for the chloride it is five, the pentachloride Mo 01^, 
and for the bromide it is four to give Mo Br^» 
Mo I2 has been produced but the tri- and tetra-iodideà 
are not certain by direct halogenation. The halide 
can "be interchanged under suitable conditions of tem-
perature (10) • 
In contrast to molyMenum "both tungsten and uranium 
form hexachlorides. Chromium forms Cr F/-, Or Pr-* The Cr o 5 
other halides form Gr Gl^/Cr with chromium (ill)» 
The halides of chromium (ll) are also known. Wartenberg 
has claimed the isolation of Gr Gl̂ ;̂ it is very unstable, 
decon5)Osing at -80^G, (Sidgwick p. 1009) (2). 
Molybdenum forms complex halides, complex cyanides 
and complex thiocyanates. Salicylates, oxalates and 
complexes of oxo and dipxo types have been isolated. 
Chromium, molybdenum and tungsten form white stable 
crystalline metal carbonyls of the type Mo (GO)g. 
Tungsten, molybdeniam and chromium form oxysalts and 
the presence of oxygen in many of the complexes formed 
from these elements is common» 
The electrolysis of molybdenum and tungsten trioxide 
acid solutions is markedly different from that of the 
corresponding chromiiim trioxide. Chromium trioxide furnishes 
oxygen at the anode and hydrogen and chromic chromate at the 
cathode. Forbes and Leighton (15)f in their studies of 
cathodic reduction of chromic acid to a chromic salt, found 
that light had an effect on the electrochemical yields. 
Electrolysis of the molybdenum trioxide 
in acid solution does not exhilDit sensitivity to light. 
Molybdenxim (Vl) can "be reduced with a variety of 
substances; Zinc reduces molyMenum (Vl) to molybdenTim 
(ill) in hydrochloric acid or sulphuric acid. Finely 
divided aluminium, zinc, iron, copper, lead but not 
mercury, will reduce molybdenum to molybdenum blue. 
Stannous chloride will reduce molybdenum (Vl) to (V) 
and no further. It is in the (V) state that molybdenum 
gives the characteristic blood-red colour with thiocyanate 
MO(SGN)^ ('^7)» TII® reduction with stannous chloride 
has been verified by experiments, (16). Mercaptans such 
as thioglycollic acid will reduce molybdenum to the 
molybdenxim (ill) state, (16). 
Acid solutions of molybdenum trioxide or a molybdate 
are reduced by most soluble reducing agents to a blue 
compoimd although some will reduce beyond this stage. 
Hydriodic acid solutions will produce a blue compound 
but hydrobromic acid will not. Other reducing agents 
include sulphur dioxide, hydrogen sulphide, hydrazine, 
dextrose, tertiary arsine and zinc amalgam. The optimum 
pH for the formation of molybdenum blue is around 
The effect of arsine on molybdenum trioxide to 
give molybdenum blue has been reported by Ehrenfeld 1895 
and earlier still hy Ehrlaub in 1857. In early 
experimental work (not included in this thesis) acid 
solutions of Molybdenxim trioxide were reduced to a 
"blue precipitate with diphenyl methyl arsine. 
Analysis of the blue precipitate showed that some arsine 
had been complexed but very little, the larger amount 
of product being molybdentom blue. 
When molybdous chloride Mo Clg is treated 
with concentrated hydrochloric acid a compound of the 
formula H Mo^ clj'llH^O is obtained, (22). In alcohol 
medium three of the seven chloride (23) ions can be 
precipitated at once by silver ions. It is probable 
that this compound contains a polynuclear unit. 
Brosset (24) has shown by analysis of X-ray diffraction 
data for the solid Mo Gl. (OH)p (HpO) that the poly-
nuclear Mog Clg is present. An analogous xmit 
presumably functions in the chemistry of the corres-
ponding complex bromine compounds, (25). 
The affinity of molybdenum (v) for chloride 
ion is apparently not very great. Measurements of 
conductances and freezing points (26) of compounds of 
1 1 
the type R^ Mo 0 01^, R Mo 0 01^ .H^O and 
r'̂  mo O2 X^ show that the Mo (v) - Cl"" complex 
ions are well dissociated. The colour of molybdenum(v) 
in hydrochloric acid depends on the acid concentration; 
green for 8m to brown for ¿iM (27) (28). The analagous 
bromine compounds behave in a similar manner, (29)« 
Tbiocyanate complexes of the type R^ Mo(SGN)^ 
and R2 Mo Og (SGN)^ completely dissociate in dilute 
solutions (30). The red colour of Mo (SON) ̂  fades 
on dilution. (27). 
Like molybdenum (IV), molybdenum (v) forms 
complexes with cyanide ion of co-ordination number 8. 
The cyanide is firmly attached in the Mo (CN)̂ "" ion 
but yields when heated Y/ith mercuric chloride, (31)» 
B. Review of Molybdennin (ill) and (IV) 
(i) Simple Compounds 
The chemistry of the lower oxidation states namely 
2, 3.and k is very imperfectly known for molybdène in 
comparison with chromixim. While simple salts of chromiiim (ll) 
and (III) are well known there is a strong tendency for 
complex formation, especially in solution, with tervalent 
chromium; the classic example being isomeric chromic 
chlorides. With molybdenum (ill) and (IV) this tendency 
to form complex compounds is even more marked and the 
simple compounds are few in number and in some cases of 
doubtful existence. Molybdenum (ill) does however form 
simple halides, for example. Mo F^ (10), Mo Cl^ and Mo Br^. 
Molybdenum sesçLuioxide probably does not exist as 
MOg and it is more likely a mixture of Mo O2 and Mo. 
Magnetic susceptibility measurements should give evidence 
as to the probability of the molybdenum being in the (ill) 
state or not. Hagg and Magneli (11̂.) (3) in their X-ray 
investigations failed to demonstrate the presence of Mo20^ 
under the conditions of their experiments. Comparable in 
composition with molybdenum sesquioxide is the sesguisulphide 
MOo S,. There does not seem to be any doubt as to this 
formula. Hydrochloric acid and sulphuric acid do not 
react with it but warm concentrated nitric acid gives 
molybdic anhydride. . 
Oxy halides are formed with molybdenum (ill) with 
fluorine, chlorine and bromine of the type Mo OX 
(X = halogen). Molybdenum (ill) trichloride can be produced 
by passing dry chlorine gas over reduced molybdenum at 280^0• 
The product is insoluble in cold water and is virtually im-
possible to piirify. The hydrated molybdenum (ill) tri-
chloride can be isolated by precipitating the Mo 01^' 
from an electrolysed solution with large amoxints of ether, 
when the product is a copper-red colour and is no longer 
soluble in water. The magnetic susceptibility of this 
product, from preliminary experimental work for this thesis 
was not compatible with purity. The Mo 01^ (red) from 
elctrolytic reduction is very stable in solution. 
Bromine and chlorine form tetra-compounds with moly-
bdenum (IV)# These are both brown to yellowish brown in 
colour and are very unstable; they react with moisture in 
the atmosphere and form a brownish solution which turns 
greenish blue with the formation of oxy halides in which 
the molybdenum is hexavalent. In the extraordinary cycle 
of disproportionation which is exhibited by the halides 
bromine and chlorine, the trichloride of molybdenum, for 
example, if heated to red-heat in a stream of carbon dioxide 
or nitrogen will . disproportionate into volatile Mo 
and leave tls residue yellow Mo CI2 ^^ preferably the hexamer 
MOg C3.-J2* ^ similar process applies to the tribromide 
(green) which disproportionates into brown or red Mo Br^ 
and leaves a residue of orange Mo Br^. It was found from 
experimental work that hydrogen does not reduce Mo Br̂ ^ to 
Mo Br^ at temperatures up to i+OÔ C. Because Mo P^ is un-
stable below 800^0 (10) it is most improbable that the tetra-
fluoride exists as reported by Berzelius (Mellor VoLXI p.6lO)^ 
Breweret al (32)(3) from their thermodynamic calculations, in 
general agree with experimental observations as to the 
instability of most molybdenum halides. 
(ii) Complex Compounds of Molybdenum (ill) and (IV) 
The hetero and isopolymolybdates which are so character-
istic of molybdenum (Vl) have no counterpart in compounds of 
lower oxidation states. Complexes of molybdenum in the 
lower valence states generally involve radicals having a 
pronounced tendency to form anions. These include the 
halogen, cyanide and thiocyanate complexes of molybdenum. 
Most of the other groups which form complex anions with 
molybdenum are '*ato" groups and oxo-, dioxo-, or peroxy 
salts, oxalato-peroxy salts (18)(32) such as K | Mo O2 C2 
2.5H2O have been reported. This latter compound forms an 
insoluble additive compound with dipyridyl, K Mo O^CgO^C^QH^i 
•2n^0 (21). 
No information seems to be available in literature as 
to the complexing of molybdenum with acetyl acetone, arsines 
or other similar groupings but one complex with ammonia has 
been reported by Bucknall, Carter and Wardlaw (33) who formed 
formed an unstalDle Cl^ NH J - H^O from diammonium 
molybdemim pentachloride. Two complex molybdenum cations 
have been reported by Rosenheim, Abel and Lewy (3k), 
1 0 (NH,) Gl , and Mo(NH^) (H-pO)̂  ci^, but these have not 
^ 6 ^ ^ I4. ^ 2 3 
"been reinvestigated in recent years. 
Some consideration is now given to the lability Of the 
complex ions of molybdenum (ill) and (IV). 
Molybdenum (ill ) 
The affinity of the chloride ion for the molybdenum(III) 
ion in Bolutian is comparatively small, thus each of the 
compounds K^Mo Gig ^^ »SgO» K Mo 0 Cl^ .3H2O 
( 3 3 ) and Mo 0 G1 •i4H20 (35) undergoes slow replacement of 
chloride ion by water or hydroxide ion when dissolved in 
water. These reactions proceed at measurable speeds. 
Measurements of osmotic coefficients and conductivities of 
the solutions ( 3 5 and this thesis) show that these types of 
complexes dissolve initially without marked dissociation 
into chloride ions. As conductivities slowly increase with 
time slow hydrolysis is indicated. 
VYhen salicylate or oxalate ions are added to a solution 
of K^ Mo Clg colour changes are produced. These changes 
proceed gradually even when the solutions are heated to 70^C 
(33) . The inertia to substitution of the Mo ( I I I ) - Cl" is 
demonstrated also by the fact that the red and green forms 
of K2 Mo Gl^ complexes can be formed by the electrolytic 
reduction of molybdate in hydrochloric acid (36) . The red 
form is obtained when the acidity is high, 8N, while the 
green form results at 2 to Ijli acid and is the less stable 
of the two, changing gradually to the red form on standing 
(37)• Wardlaw and Wormell (35) succeeded in isolating a 
brown solid of composition Mo 0 Gl •Uh^O from the red 
solution and a green solid of the same composition from the 
green. These solids dissolve, initially with little diss-
ociation but undergo hydrolysis fairly rapidly, the green 
being the more rapid» 
Complex bromides corresponding in composition to the 
chloro complexes have been prepared. Mo 0 Br •i4.H20 
dissolves initially with incomplete dissociation, but bromide 
is released more rapidly then for the analagous chloro com-
plex under similar conditions (3Ö)* 
The conductance of a solution of K^ Mo(SGN)g 
indicates that it contains K**" and Mo(SGK)g"" ions and that 
the complex ion does not undergo appreciable dissociation 
over the time interval of the measurements (39). This 
behaviour should be attributed to its inertia (slowness of 
reaction) rather than to its intrinsic stability since 
Mo(SCN)g^"" is converted to ions of the type |^o(SCN)^0 hJ^" 
if the solution is warmed to 50 - 60^0 for several days (U0)# 
The reaction of cyanide ion with molybdenum (ill) usually 
yields a cyanide complex which contains molybdenum (IV) with 
a co-ordination number 8. Yoimg (l+l) however, succeeded 
in preparing a compound of the formula K^ Mo(CN)^' 2H2O 
which presumably contains cyanide ion co-ordinated to 
molybdenum (ill). This substance is soluble in water to 
form a brown solution which becomes pink on great dilution. 
On the addition of hydroxide Mo^ O^'nH^O is precipitated« 
Young did not report on the rate of change but the change 
is fairly rapid (noted during work for this thesis)• 
There are few complexes containing Mo (III) - NH^ bonds 
compared to those of chromium (ill). Whether this is due 
to a lower affinity of Mo (ill) for NH^ or to a faster rate 
of hydrolysis is uncertain. The difference in the speed 
of hydrolysis may be an important aspect since even the 
chromammines dissociate in solution under ordinary conditions. 
As with chromium (ill) the Mo (ill) - N bonds are more 
sensitive to alkali than to acid. Thus 
and Î Mo (CH^ -̂ave been shown to persist in 
acid solution, but hydrolyse rapidly in water. Mo^NH^) Cl-z 
which is formed by the treatment of molybdenum trichloride 
with liquid ammonia, decomposes in moist air with the evolu-
tion of ammonia; concentrated hydrochloric acid produces 
MO (NH.) (HpO) 01^ 
With pyridine in place of ammonia the complexes show 
greater resistance to hydrolysis; compounds containing the 
ion Î Mo (SCN)̂ ^ py2 can be crystallised from warm water (3k)* 
3+ 
This fact suggested the use of bidentate ligands such as 
phenanthroline and dipyridyl to produce stable compounds, 
Molyhdenum IV. 
No simple complex ions of co-ordination number 6 are 
known for this oxidation state. Solids of the type 
Rg Mo^ (C2 0^ ) •SH^O which contain molybdenum in the 
oxidation state +1}. have been prepared. These dissolve to 
give polynuclear species, trimers, which yield oxalate ions 
only at very low concentrations (¿1J4.). The data available 
from Spittle and ?/ardlaw (Uij.) do not lead to any definite 
conclusions about the lability of Mo ( iv) - C^ bond. 
In the complex cyanide of oxidation state 4-l|., molybdenum 
has a co-ordination number 8 . The displacement of cyanide 
ions is slow. Thus a solution of H^ Mo(CN)g at room temp-
erature persists for a long period of time without change 
but does decompose on prolonged boiling (1+5). Similarly, 
the ion ßio (OH)^^ (^^l^J^" Persists in dilute acid at 
room temperature but loses hydrogen cyanide in strong acid 
at 50^0 . 
Adamson, Welker and Volpe (i|.6) have studied exchange 
reactions, as a measure of lability , of radio active cyanide 
ions with the cyanide bound in various complex ions. For 
solutions about 0.05M in the cyanide complex ion at 25^0 and 
pH = 10 , they observed that in Ni (CN)^^ , Pd and 
Hg "tiie exchange is complete in less than 5 minutes; 
in Mn (GN)g it is about i|0 per cent in k minutes whilst 
in CO (GN)g , Pe Fe (CN)g , Or (GN)g and 
Mo (CN)q"""~ ̂ ^^ exchange is less than 2 per cent in 100 hours. 
It appears that there is a discontinuity in rates of 
displacement reactions dividing the inert and labile classes. 
Taube (22) has pointed out that the distinction between labile 
and inert complexes, on the basia of electron structure is 
sharper for "inner orbital" complexes than for "outer orbital" 
complexes. Lability of the inner orbital complex appears to 
occur when there is a vacant orbital in the d sub-group. 
The coi^lex ions of molybdenum can be classified as 
"inner orbital" complex ions. That is the Ifd orbit als are 
enclosed by 5s orbitals and probably 5p orbitals as in 
2 3 
kd 5s 5p whereas an "outer orbital" arrangement would be 
as S P^ D^. 
The occupancy of the I|.d orbitals for molybdenxim (III) 
and (v) for octahedral complexes; 
Mo (III) d^d^d^ D^ S P^ 
and Mo (V) d'̂ d̂ d̂  D^ S P^ 
The complexes of molybdenum (III)are in general more 
inert than those of molybdenum (V) where there are two un-
occupied ii-d orbitals. Molybdenum (VI) with none of the 4d 
orbitals occupied is labile. 
The behaviour of the occupancy by an unshared electron 
in the last available inner d orbital is also exemplified 
in vanadium (lll)and chromium (ill) where the simple sub-
stitution reactions of V(lll) are all rapid and those of 
Cr (III) are slow. Again, the complex ions of rhenium (IV) 
with'three of the 5d orbitals occupied d̂ d̂ d"̂  reach equili-
brium very slowly with respect to substitution whilst those 
of rhenium (v) with two 5d orbitals occupied (dV^d^..) are 
much more rapid (22)» 
With Mo (CN)Q diamagnetic, and "MO with 
a magnetic moment theoretically corresponding to one unpaired 
electron (ijli.) the electronic structures are d^ D^ S P^ for 
Mo (GN)3j^" and d^ D^ S P^ for [MO (m)^^ Since the 
inner stable orbitals (i+d) are completely occupied slow 
rates of substitution are expected for these ions and experi-
mental observations show this to be so. 
(iii) The Complex Halides of Molybden\im (III) 
Early reported methods for the preparation of these 
complexes have been reported by Chilesotti (U?)» Foerster 
and Pricke (i+8), VVardlaw and Harding (33), BucKnall, Carter 
and Wardlaw (33) ̂  Hosenheim and Li (15) "by the electrolysis 
of molybdenum trioxide in strong hydrochloric acid and then 
adding potassium chloride to the reduced solution. Foerster 
and Pricke in their paper on ^'Electi^ytic Reduction of 
Molybdenum Solutions" (h^) described their preparation 
of the type R^ Mo Cl^ by boiling a reduced molybdenum chlor-
ide for a long time over an open flame. Bucknall, 
Garter and Wardlaw in their preparation of (NH^) MO 01^ »H^O 
used Chilesotti's method of adding a smaller amount of 
ammonium chloride than that required in the preparation of 
the hexachloro compound and Wardlaw and Harding (38) used 
a similar method for their preparation of R^ Mo Br^ 
One other type besides the penta and hexa chloro complexes 
has been reported by Carobbi (i+9) and that is the hepta-
chloride. He treated a solution of 22,5 g. of ammonium 
chloride with a solution of molybdenum trichloride and 
saturated it with hydrogen chloride gas. 
The complex halides of molybdenum (ill) are of a brick-
red colour. They hydrolyse slowly in aqueous solutions but 
not in acid solutions. This is similar behaviour to that 
found by Ríus and Rodriguez (18) in regard to the peroxy 
salts of molybdenum and the oxalate peroxy compounds. 
Due to hydrolysis of these compounds the molecular 
weight determinations and conductivity measurements as 
given by Bucknall, Carter and Wardlaw (33) are not particu-
larly satisfactory methods for the estimation of the number 
of ions in solution. 
The complexes K^ Mo Clg and (NH¿̂ ) Mo (SGN)g 
have been measured for magnetic susceptibility by 
Bose and Bhar (50) and they found that the effective Bohr 
magneton nnmber was near to the spin-only value. Ramaseshen 
and S\iryan (51) reported the g values for these compounds 
as 1.86 and 1,92 respectively (discussed in Section IIA)# 
Bose (52), Tjabbes (53) (54), Mlemmand Steinberg (55) 
K3 Mo Gig, 
have reported effective moments of 3.7 Bohr magnetons for/ 
K^ Mo Gig and the thiocyanate (NH^^)^ Mo(SGN)g .i^H^O. 
It has been pointed out by Ramaseshen and Suryan (5I) that 
molybdenum (ill) shows a sharp resonance spectrum similar 
to chromium (ill) and vanadium (ll). These three ions are 
in the same electronic state ^ 3 / 2 * Whilst the halide 
complexes of potassium and ammonia are extremely soluble 
to give intense red solutions, the caesium one is insoluble 
and the rubidium one is nearly insoluble (33)• 
(iv) The Gomplex Cyanides of Molybdenum 
The cyanides of molybdenum are of interest because 
few cyanides form complexes with tetravalent.elements. 
Besides those formed with molybdenum (iV) there are the 
cyanides of tungsten of the type R̂ ^ W(CN)g and one of 
platinum Agg [P^ (GN)^^ G1 ^ (Sidgwick (2)). Some 
cyanides of the tervalent elements are also laiown 
K^ (GN)gy M =5 Mn, Pe, Go, Ir, Rh and Or) and one of 
platinum H ^Pt (CN)^J .211^0 (Sidgwick (2)), one tervalent 
cyanide of molybdenum is reported Kĵ  Mo (GN)-̂ , ,2^20 by 
Yomig (lj.1). The tetravalent complexes are stable. Con-
ductivity measurements plotted against time give an almost 
straight line curve. Octa-cyanides of the type R̂ ^ Mo (CN)Q 
have been prepared by Rosenheim and co-workers ( 5 6 ) , Bucknall 
and Wardlaw (57), Jakob and Ttirkiewiez (5Ô) from K^ Mo Gig 
and Mo 0(0H)j. That is the molybdenum (iv) in thé cyanide 
complexes has been derived previously from molybdenum (III) 
and molybdeniim (v) and the co-ordination niimber of molybdenum 
has been raised to 8 by the ON group. Rawlinson (59) pre-
pared K^ Mo (CN)Q •2H2O by a modified method of Willard and 
Thickle (50) by the reduction of molybdenum trioxide with 
hydrazine hydrochloride 
2 Mo + H 01 + N^ Ĥ ^ 2 Mo 01̂ ^ + N2 + 6 H^O 
THe resulting solution v/as made alkaline with potassium 
hydroxide and potassi\im cyanide and boiled. By processes 
of evapoi?ation under suction, crystallization from alcohol 
and by drying at 105^0, the hydrous and anhydrous compounds 
were produced. In contrast to Rawlinson* s method are the 
preparations of Chilesotti (190̂ )̂, Bucknall and Wardlaw 
(1927) and Young (1932)» The reactions in these processes 
can be represented:-
(a) k Kj Mo Olg + 32 KGN + m^Q + 0^ — ^ k K̂ ^ Mo (CN)3 
+ 2I|. K 01 + 4 KOH 
(b) K^ Mo Olg + 7 KON — ^ K̂ ^ Mo (CN)g + 6k 01 (Young). 
The cyanide complexes of molybdenum (IV) cannot "be 
titrated directly to molybden-um (Vl) with potassium per-
manganate • A molybdenum (iv) complex can be produced 
from molybdenum (VI) (work in this thesis) and this lends 
support to other experimental findings on the oxidation 
of ( iv) to (¥)• When the aqueous solutions of these com-
plexes are made acid with sulphuric acid and then titrated 
with permanganate the molybdenum (IV) is oxidised to 
molybdenum (v)# Bucknall and Wardl®w (57) have described 
this phenomena as an "abnormal̂ * oxidation and Rawlinson 
(59) used this means of oxidation to produce potassium 
octacyano molybdate. (V) • 
The co-ordination poly- hedron (dodeca-hedron) for 
K̂ ^ Mo (CN)q .211^0 has been determined by Hoad and Nordsieck 
(61) in their X-ray studies of this complex. They claim 
that the nitrogens are actually at the apices of the 
dodecahedron (also Wells p.5U2) (62)• The carbon-nitrogen 
bonds are collinear with molybdenTim-carbon bonds. Their 
mean lengths are Mo - C 2.15A, and C - N 1.15A# (62) (63) 
Diagram d.) 
By adding cyanide to quinquévalent molybdenum hydroxide 
Bucknall and Wardlaw (57) prepared potassium tetracyano 
dioxo molybdate ( IV) . This is the type referred to by 
Bucknall and Wardlaw as the red and blue cyanides. The 




1^20 K. Mo(OH)^(CN)^ E^oJ ZĤ O + KOH 
Blue -i- HgO 
The alkali cation in the octQcyanide is replacable by-
equivalent proportions of cadmium, thallium (univalent) 
manganese, pyridinixim, and the ammines of s i l ver , copper 
and nickel (57)• 
S B C T I 0 N II 
A. A DISCUSSION OF THE SICxNIFICANCE OF MAGNETIC 
SUSCEPTIBILITIES AND BOND ORBITALS 
Early attempts to interpret magnetic susceptibilities 
in terms of electronic arrangement have been made by Jackson 
(614.), Bose (65), Welo and Baudisch (66) and Sidgwick (67) (68). 
Sidgwick suggested that the central atom of a co-ordination 
complex tends to ass-ume the external configuration of the 
next higher inert gas and that the co-ordinated atoms, 
groups or molecules are attached by co-valency to the central 
atom, Welo and Baudisch, and Bose found generally that 
compounds in which the central atom gave an effective atomic 
niimber Z* eqtual to the inert gas exhibit diamagnetism. They 
also postulated that compounds with an effective atomic 
number different from the inert gas configurations exhibit 
paramagnetism. There are many exceptions to this rule and 
Selwood (69) quotes, as examples ^Ni (CN)^"" diamagnetic 
and that the rule would make j^i (NĤ îJ"*"̂  paramagnetic. 
The effective atomic numbers (E.A.N.) have been derived 
from Bose»s rule:-
Z' = N + 2p - E. 
z' =5 E.A.N. ; N = atomic number of co-ordinating atom; 
P = co-ordination number; E = primary valency. The 
E.A.N, for molybdenum in a hexachloro molybdate (ill) would be 
Z* = 42 + 12 - 3 = 51 
According to Bose, magnetic moments of the complexes 
exhibiting paramagnetism is proportional to the difference 
between the E.A.N.'s and the A.N. of the next higher inert 
gas. The hexachloro molybdate (ill) will then have a 
magnetic moment of (5U - 5i) = 3 which places it in the 
three unpaired electron class. 
These empirical rules of Bose will hold for some com-
plexes when the co-ordination is an even number but they 
fail with others especially when there is an odd co-ordina-
tion number. For instance, the heptacyano molybdate (ill) 
t 
with a Z value of 53> which would give a proportional 
magnetic moment of 1 and the pentacyano molybdate (IV) with 
a Z* value of i+S and a difference between and Xenon A,N. 
being 6. 
Magnetic measurements applied to the study of complexes 
is largely due to Pauling (70). V/hilst s - s bonds or p - p 
bonds exist, many bonds are a combination of the different 
types of bonds which Pauling (63) calls hybridization. In 
the metal with which this thesis is dealing (molybdenum) the 
bond orbitals are Lid 5s 5p hybrids. 
ELECTRONIC ARRANGEMENTS OF MOLYBDENUM 
(THE OUTER ORBITALS) 
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Experimental worlc has shown that inolybdentiin (Vl),(lV) 
and (ll) are diamagnetic and molybdenum ( v ) and (ill) are 
generally paramagnetic. The experimentally determined 
values for Mo(ill) and ( v ) are in agreement with the cal-
culated '̂spin" values. The diamagnetism of Mo(ll), (IV) 
and (VI) means that electron pairing occurs and Hund's Rule 
does not apply. This appears to "be characteristic of the 
second and third transition series as ruthenium (IV) compounds 
are generally diamagnetic (theoretical value of = 2.8U, 
if no pairing) while ruthenium (ill) is paramagnetic (^ = 1.73) 
(71) . 
Kimball has made a survey of possible stable bond 
arrangements for d s p bonds which are involved for 
molybdeniim» The bond strengths also increase with in-
crease of the orbital contribution to the hybrid (lifelis (62), 
Pauling (63), Moeiler {12)). The spatial arrangement 
will depend upon the co-rdination number and the number 
of unpaired electrons« The maximum co-ordination number 
reported for molybdenum is 8, therefore the available 
orbitals in the Ud, 5s, 5p and 5d are more than sufficient• 
TABLE I 
Directional Characteristics of Co-valent 
Bonds 
Involving Common d s p Orbitals 
Co-valence Bond Type Spatial Arrangement 
5 d s p-̂  or d-̂  s p bi-pyramid 
2 2 d s p tetragonal pyramid 
2 ^ 6 d s p-' octahedron 
5 "5 5 7 d-'̂  s p-̂ , d"̂  s p face-centred octahedron 
h 2 d^ s p face-centred trigonal prism 
8 d^ s p^ dodocahedron 
5 2 
d-̂  s p face-centred prism 
Distortion of bond angles occurs in hybrid orbitals. In 
some instances the deviation from the theoretical is small 
as in the octqcyanide molybdenum complex, |̂ Mo (CN)QJ ^ ^ (63) 
whereas the bond angles for a cube show larger deviations 
of bond angles (73)• t̂ is therefore to be expected that 
spatial arrangements of co-ordinating groups around the 
central atom will not be necessarily symmetrical and 
deviations of bond angles will occur (73). 
Magnetic Susceptibility 
When a substance is placed in a magnetic field of H 
oersteds the total magnetic induction B is given by the 
relation:-
B = H + 1+ TV I 
v/here I is the intensity of magnetism. On dividing 
throughout W H the equation becomes 
B/H = 1 + if TTI/H 
The ratio I/H is known as the '•voliame susceptibility*' 
and is represented by the symbol k. It is this volume 
susceptibility which is usually measured experimentally 
but it is more common to express magnetic susceptibility 
per gram of substance by • This is related to volume 
susceptibility by the expression *)( = k/ĵ  > where p is 
the density of the substance. (74)• 
for chemical compoimds the molar susceptibility is 
more important and this is obtained by multiplying ^ by 
the molecular weight to give M. 
In the Gouy Method, a cylindrical sample of the 
material of cross-section A and length 1 (in a glass tube) 
is suspended from a micro "balance so that one end is placed 
"between the poles of an electro-magnet with a magnetic 
field strength of about 5000 to 10,000 oersteds. The length 
of the specimen mu0t be such that the field strength H^ 
at the end of the specimen away from the magnet is negligible 
compared to the end of the tube in the strong magnetic 
field H^ between the poles« 
The difference in pull w on the balance, with the 
magnet off and with the magnet on is measured. The force 
P acting on the specimen due to the magnetic field is 
P = ¿iw X g = - ~ ̂ 2) ^ 
where k^ is the volume susceptibility of the sample 
kp is the volume susceptibility of the surrounding: 
mediiim (air) 
A is the cross-sectional area 
g is the gravitational constant, 
When H2 is very small compared with H^ the equation 
can be reduced to 
k^ = kg + 2Z\w X g 
sf A 
To give the mass susceptibility, k̂  is replaced by 
)( X density, then ̂  = 2g v ^ w) 
lif A / 
where v is the volume of the material, 
and W is the mass of the material. 
To avoid using the unknowns v, H^ and A the Gouy tube may 
be calibrated with a tube of material of known susceptibility. 
With calibration of the Oouy tube with a material of known 
susceptibility the expression reduces to: 
'X = ^ W 
^ W 
where o( and are constants for any particular tube and 
field strength. 
c/ and ^ are determined from measurements of a com-
poimd such as Gu 5 • whose susceptibility is accurately 
known» 
The permanent magnetic moment of a material is of 
importance in describing the properties of a paramagnetic 
substance. ^f a substance with a permanent magnetic moment 
fx is placed in a magnetic field the molecular magnets tend 
to align themselves parallel to an applied magnetic field 
and this alignment is resisted by the thermal agitation of 
the molecules. Identification of the (hypothetical) 
molecular magnets, with magnetic moments induced by orbital 
electronic motion, has been deduced by Langevin for molar 
paramagnetism. 2 
(69) 
where N is Avagadro's number 
/t is the permanent magnetic moment 
k the Boltzmann constant 
T the absolute temperature < 
R ^ = f the above equation can be written 
3RT 
Prom this ^ ^ 
N 
Because the magnetic moment of a particular atom in 
a compound is of particular interest rather than that of 
the molecule correction for diamagnetic susceptibilities 
of all atoms present is made, 
that is 'X M for /A « + difiunagnetic correction 
Substituting '̂ V̂  for ^ ^ in the above expression 
the effective magnetic moment of the paramagnetic 
atom is given as: 
'^eff. = (75) (74) M 
The magnetic moment is expressed in Bohr magnetons, A 
Bohr magneton is the unit of magnetism and equals the mag-
netic moment of an electron assumed to be spinning on its 
own axis (74). 
n - » e h, 1 
r U 7f mc 
when 1 = 1, /I 9.272 x iO^^^erg gauss"*̂  
(76) (p.273). 
The value of /ji in paramagnetic substances is 
dependent on temperature. The value obtained from 
X T is constant only when « is proportional 
to 1/T. This relationship is expressed by Curie's Law 
= Cy^ (C is a constant) which preceeded Langevin's 
work by some years (69). Paramagnetic substances 
generally obey Curie's Law (69) (7^), but more often the 
Ourie-Wiess Law 'V 1 where 8 is a constant 
^^ TrTeT 
(75)(74)-
The use of magnetic susceptibility measurements in the 
study of complexes arises from the fact that electrons used 
in co-valent bond formation are of necessity paired and do 
not contribute to the permanent magnetic moment of the mole-
cule. The number of unpaired electrons in any complex can 
be computed because the effective moment is given approxi-
mately by 
Where n = the nximber of unpaired electrons. 
Unpaired electrons have both spin momentum s and 
orbital momentum Orbital momentum may be effectively 
q^uenched, in which case the calculated spin value is almost 
the same as the experimental value. 
When coupling of the spin and orbital momentum occurs 
it is usually described according to the Russell-Satinders 
Scheme. 
In this the spin moments (s) are coupled to give a 
resultant spin moment s. The various^values of the different 
electrons are then separately coupled to give a resultant 
orbital momentum !.. The inner quantum number J is the 
vectorial sum of the two resultants. Therefore J measures 
the resultant total angular momentum. The largest number 
of electrons which can occupy any shell is 2(2i + 1) when 
the number of electrons ^in any incoiaplete shell is less 
than + 1, the value of J corresponding to the spectro-
graphic ground terra is equal to L - S. 
?/hen y is greater than 2 ^ + 1 the corresponding 
value of J is L + S (77)• 
The magnetic moment /i of an ion with J electrons 
is given by JĤ ff̂  = g Vj(JH) 
where g = . J(J -i- 1 ) S(S + 1) - L(L + 1 ) 
2J(J + 1} 
g is the so-called "splitting'* factor for which Lande de-
duced the above empirical relation((76)p.275). 
It it is found experimentally that g lies between 0 and 2 
both spin and orbital momenta are involved in the magnetic 
moment, but when g = 2 the magentic moment arises from spin 
alone ((74)p.362). 
For example, Ramaseshan and Suryan (51) found that the 
g values calculated from susceptibility data for Mo(lll) in 
K^ Mo Clg •I2H2O was 1 . 9 2 and the g value for (NĤ )̂ Mo(SCN)^ 
îjJigO was 1#86. Both these g values are very close to 2 
and the interpretation that the magnetic moment is near the 
spin value alone agrees with the experimental magnetic 
moment© determined in this thesis for the Mo(lll) in the 
ccmplfiKedchloride and the thiocyanate as 3.84 Bohr magnetons. 
Most 1st Transition elements obey spin-pnly formula 
showing that orbital contribution can be ignored. 
The 2nd and 3rd Transition elements have not been 
studied as much but they also seem to obey spin-only. 
For example, K^ Mo Clg,3.7, (NĤ )̂ Mo(SCN)g 
The p. values agreeing with three unpaired electrons and 
Mo (CN)Q diamagnetic with no unpaired electrons (55). 
The orbital contribution appears to be more effective 
in the rare earth and trans-uranic elements. This is 
probably due to the filling of the f sub-orbital. Y/ith 
orbital contribution wholly or partly quenched, Russell-
Saunders coupling is not fully applicable. 
If z is the number of unpaired electrons in an atom 
then S = z/2 and the multiplicity is 2S + 1. 
For MovIIl) with three unpaired electrons S = and the 
multiplicity is 2 X "I + 1 = ¿1. 
With S = I, i = 3 and because the i+d sub—shell is less 
than half full*j = ^ - S = The term symbol then for 
Mo(lll) is ̂ ^ ; the prefix giving the spin multiplicity and 
the suffix the value of J. 
*Hund^ s rules state: (i) S has the highest valiie allowed 
by the Pauli principle; (ii) the value of L is the highest 
then allowed; (iii) J^ = L - S if the shell is less than half 
full and JQ = L + S if the shell is more than half full. 
The g value for Mo(lll) calculated from the equation 
^ ^ i + J(J + 1) -f S(S + 1) L(L 4- 1) ^ 2 g - i + 2J(J + 1) - 5 
whence ̂  = gl/^C^ + 1 ) = 0»77 B.M. 
This calculated magnetic moment of 0.77 B.M, does not 
agree with experimental figures and indicates; that the coupling 
between the L and S moment for Mo(lll) is weak and that the 
effective magnetic moment arises from spin-only. 
Prom experimental wotk in this thesis Mo(lV) with two 
electrons in i+d orbits are paired and the moment is diamagnetic. 
Hund's rules are not applicable; the first rule which requires 
that in the fillir^up of a sub-shell (for Mo, the i+d), the 
maximiim number of orbitals will be singly filled before pairing 
occurs. 
B» The Complex Halides of Molybdenum (ill) 
The complex molybdenum (ill) halides are of three types, 
R^ Mo 01^ »HgO, R^ Mo Gig and R̂ ^ Mo C l y The first two 
of these involve hexa-co-ordinated molybdenum. It is reasons-
able to assume that the six Mo - X bonds arise from d^ s p^ 
hybridization. On this basis and assuming that Hund's Rule 
applies there will be three unpaired d electrons and a result-
ing magnetic moment of about 3.8 Bohr magnetons. 
TABLE 2. 
Magnetic Susceptibilities of Complex Halop:ens 
Compound Effective Moments Effective Moments 
B,M.(determined) B.M.(spin-only,calc.) 
(NH^^)^ Mo Clg 3.8U 3.88 
K^ Mo Gig 3.7 3.88 
(NHj^)^ MO Cl^.HgO 3.86 3.88 
(HH^^)^ Mo 3.7 3.88 
K^ Mo BPg 3.8/j. 3.88 
Li^ Mo Clg.9H20 3.8U 3^88 
Table 2 supports the assignation of D^ S P^ hybridization 
to these compounds and it can be seen that the orbital 
contribution is negligible. 
It is worthy of mention here that Mo(lV) compounds are 
diamagnetic indicating the breakdown of Hund's Rule. The 
other second and third transition group elements which could 
be expected to give three unpaired electrons are Re(iv) 
and W(III)» Re(lV) in fact gives only one unpaired electron, 
also showing a "breakdown of Hxmd's Rule. 
Many attempts were made to repeat the preparation 
Kj Mo Brg described by Wardlaw and Harding (38). The com-
pound finally obtained differed in some respects from Wardlaw's 
compound in that it is soluble in alcohol but analysis, magnetic 
susceptibility and conductivity show it to be K^ Mo Brg. 
With three unpaired electrons and a bond type to suit an 
octahedral spatial arrangement there is no question of an im-
paired electron being promoted to an orbital above the 5s 5p^ 
orbitals used for bond formation. If and when such a pro-
motion occurs it is to be expected that this electron should be 
in an excited state and capable of being removed fairly easily 
by oxidation. 
If complexes of the type R^^Mo O l J existed they would 
probably be face-centred octahedrons and one of the electrons 
from the Ud would have to be promoted to the 5d level on the 
basis of Pauling's theory of promoted electrons and on Huggin's 
theory (78) , the Mo C l J should be unstable. The R^ Mo Cly 
is discussed later in relation to ultra-violet spectra, 
A preparation of K^ Mo Gig using Wardlaw's method was made 
by reducing a solution of Mo in concentrated hydrochloric 
acid to the molybdenxim (ill ) state, evaporating under suction 
at 70^0 and then adding air-free alcohol, Wardlaw removes 
excess K CI at this stage. However in this case a pink pre-
cipitate formed which was removed and then on further addition 
of alcohol excess K CI precipitated. 
The magnetic susceptibility of this pink K^ Mo Gig gave 
a /a value of 3.06. From this figure it was assumed that the 
product was not pure. Now this pink K^ Mo Gig with probably 
some K CI associated with it, was taken into solution, evapo-
rated under suction and re-precipitated with alcohol. The 
precipitate suspended in the s.olution was kept in the refrig-
erator for two weeks. The precipitate v/as then brown. This 
precipitate is not nearly so soluble as the hexachloro complex 
and gave a brown solution instead of a red one as with the 
hexachloro complex» The analysis agreed with Kj Mo CI^Q.ÓH^O 
This product is mentioned and its ultra-violet spectrum is 
later compared to other double salts. 
Two products which gave an analysis corresponding to 
Mo Gly .SH^O and Mo Gl^ .SH^O were produced in a 
similar manner to the corresponding (NĤ )̂ MO Gig and Li^Mo Gig 
with this difference, that after the hexachloro complexes had 
been formed during electrolytic reduction lithium carbonate 
or ammonium carbonate was added to the appropriate complex. 
Two preparations of the ammonium compound and one of the lithium 
compound were made, and these preparations seemed to be in 
agreement with Garrobi (US)» 
When R CI is added to Mo Cl^ a complex is produced, it 
was considered probable then that if the R content (R = NH^ 
or Li in this case) is increased in a hydrochloric acid 
solution of the hexachloro complex a heptachloro complex of 
and 
molybdenuin (ill) could be formed. This assumption was 
proved incorrect. 
Prom experimental work two probable ions jjyfo Cl^ 
Mo ClyJ are indicated and a possible Mo Gl^J^". It is 
probable that the compound represented from analysis as (NH. ) 
^ i 
Mo Cl^ is actually MO Gig . NĤ ^ 01, and that 
Lî ^ Mo Glj is Li^ Mo Clg • Li CI. 
Ultra-violet spectrum analysis of these preparations and 
the reported Ky Mo 01^Q shows that there is an ion common to 
these complexes which by comparison to (NH, ) Mo Cl^ and _ ^ 3- 4 3 b K^ Mo Cl̂ : is Ijvio 01 • The wavelengths at deflections of 
the curves are almost identical and at these wave-lengths the 
densities are comparable^ Another marked characteristic of 
the behaviour of the ̂ ^o ion is the final rise of the 
curve from a wavelength of 35k Angstrom units. 
Experiments in the visible range gave a comparatively 
straight line and it was concluded that the visible range v/as 
not suitable for comparison of these compounds. For the 
experiments in the ultra-violet range 0.02% solutions were 
used and a few drops of hydrochloric acid were added to pre-
vent hydrolysis. 
The different density levels of the ciirves, for example, 
between those of (NĤ )̂ Mo Olg and (NĤ )̂ Mo 01-̂  are due to 
different molecular concentrations, the (NH. ) Mo GI-7 being in 
^ k ^ 
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Mo Cl-̂ "̂" the molybdenum would have a co-
The maximum w^ve absorptions occTir at wavelengths of 
295 and 2IÌ4. Angstrom units. Constant absorption occurs 
between 19.2 and 209 for the ammonium complexes. and between 
195 and 209 for the potassium complexes. The 
ammonium complexes show another maximum wave absorption at 
a wavelength of 18?. The pinnacle for the Ky Mo GI^Q at a 
wavelength of 189 is attributed to some impurity present in 
the compound. 
In the ion 
ordination number of 7 and Kimball's stable bond arrangements 
(79) give bond types d^ s p^, d^ s p, d^ s p^, cL̂  P^ 
S 2 d-̂  p . for this co-ordination niimber. The most probable 
5 3 
arrangement of these bond types would be d-̂  s p-̂  as a face-
centred octahedron. However this arrangement would req.uire 
the molybdenum to have two electrons in the first 4d orbital 
and one impaired electron in the second kà orbital. The 
effective magnetic moment of one unpaired electron is not 
compatible with experimental figures. 
Because the ej?fective magnetic moment indicates three 
unpaired electrons (which would occupy the first three L̂d 
orbitals) none of the above bond types v/ould harmonise with 
the electronic arrangement of molybdenum (III). 
If the molybdenum in the complex ion had a co-ordination k-Mo Cly .H^ number of 8 then the ion would be represented as 
The stable bond arrangements for a co-ordination number of 8 
are d^ s p^, d^ p^, and d^ s p^ (79). Here again the stable 
bond arrangements are not applicable to Mo(lll) with three 
unpaired electrons. 
The molecular conductance figures of Li^^ Mo Cly 
show that this compoimd hydrolyses and markedly so after 
about six minutes» They also indicate that the compound may 
be a double salt because the sum of the conductivities of 
Li^ Mo Clg •SE^O and Li 01 are approximately that of the com-
pound JjI^ Mo Cly .SH^O. The salt Mo 01^ .W^O does 
not hydrolyse in the same manner as the lithium salt and is 
more stable. The conductivity of (NH, . ) MO 0 1 ^ • 2 H O O is 7 3 0 4 f ¿ 
coiapared to that of (NH^) Mo Clg of 375. 
The magnetic susceptibility of (NH,.) Mo 01-, • 2 H O 0 is 
3.1 B.M. The experimental figure of 3*1 B.M. determined for 
Mo Oly «SHgO is lower than that expected because the salt 
was very hygroscopic. 
From conductivity measurements, ultra-violet spectra 
and the possibility of stable bond arrangements it is con-
cluded that the Mo Oly ion does not exist and that the 
compounds (NH^ )̂ Mo Oly and Li^ Mo 01^ .SE^Q are double 
salts (NH^ )̂ Mo Olg . m ^ 01 and Li^ Mo Gig .Li 01 .Sh^O 
3 
respectively. 
Therefore the preparation reported as (NH, ) Mo 01^ by 
^ k ^ 
Oarrobi is also concluded to be a double salt. 
This information of double salts is not confined to these 
two compounds as the compound Ky Mo 01^Q .6H2O has also been 
isolated. Ultra violet spectra show that this is 
K^ Mo C l g .iiJK: C I •SHgO. Numerous p r e p a r a t i o n s o f t h e 
h e x a c h l o r o c o m p l e x e s o f molybdenum ( i l l ) w e r e made^ m o s t l y 
by methods o f e a r l i e r w o r k e r s » The e x p e c t e d m a g n e t i c 
s u s c e p t i b i l i t i e s w e r e i n a l l c a s e s j u s t o v e r 3 B.M. The 
e x c e l l e n t p r o d u c t s f i n a l l y o b t a i n e d w a r r a n t some comment on 
t h e i r manner o f p r e p a r a t i o n ; t h i s i s done i n s e c t i o n I I I . 
Gon^lex h a l i d e s o f t h e t y p e R^ M Xg c o m p r i s e t h e a l k a l i 
s a l t s o f i o n s o f t h e t y p e ( 6 2 ) ( 8 0 ) w h i c h i n c l u d e 
t h e coRTplexes R^ Mo Clg# No sodium s a l t o f t h e i o n 
Mo C l g ^^ h a s y e t b e e n p r o d u c e d and t h e o n l y l i t h i u m s a l t 
known h a s b e e n p r e p a r e d i n t h e work d e s c r i b e d i n t h i s t h e s i s . 
The molybdeniim ( i l l ) c o m p l e x e s a r e s t r o n g r e d u c i n g 
a g e n t s a s e x e m p l i f i e d i n t h e t i t r a t i o n o f t h e s e c o m p l e x e s 
w i t h potassi-um p e r m a n g a n a t e t o t h e M o ( l V ) s t a t e . As i t i s 
p o s s i b l e t o h a v e a molybdenum ( H i ) c y a n o c o m p l e x b e s i d e s 
t h e molybdenum ( i v ) t y p e i t was t h o u g h t t h a t a molybdenxim ( I V ) 
c h l o r o complex m i g h t e x i s t . A s o l u t i o n o f (NH^̂ ) Mo G i g was 
3 
t i t r a t e d w i t h s t a n n i c c h l o r i d e s o l u t i o n and w i t h p e r m a n g a n a t e 
s o l u t i o n ; t h e r e w e r e no c o l o u r c h a n g e s . The r e d / o x p o t e n t i a l s 
w e r e t a k e n but no e v i d e n c e o f a s t a b l e t e t r a v a l e n t molybdenum 
c o u l d be e s t a b l i s h e d . 
G. The Complex Cyanides of Molybdenum 
The octa-cyanide K̂ ^ Mo(GN)g is quite a stable compound 
and has been investigated thoroughly. The only other 
previously known cyanides of Molybdenum ( I I I ) and ( iv ) are 
the compounds Y/hich have been formulated as K̂ ^ M o ( w ) j . m ^ O , 
K^ Mo(OH)^ (CN)^^ .UE^O and K^ Mo(OH)^ (CN)^^ H2O 
The magnetic susceptibilities of these previously des-
cribed compounds (with the exception of K̂ ^ Mo(0H)^^(CN)|^.1|H20 
and K^ Mo(OH)^ 3H2O) and the two new cyanides 
K̂ ^ Mo (CN)^^ and K Mo(CN)^ are reported in table 3 . Several 
attempts to prepare K^ MO(OH)^(CN)^^ .^B^O according to Bucknall 
and Wardlaw's method have failed . 
Attempts to prepare K^^ M O ( O H ) ^ ( C N ) ^ • 1 ^ 2 0 according to 
Bucknall and VVardlaw's method also failed ; the results of 
analysis showed the preparation to be K^ Mo (CN)^^. 
TABLE 
Magnetic Susceptibilities of Complex Cyanides 
Compound Effective Moments Niimber of 
B.M.Experimental Unpaired Electrons 
K Mo(CN)5 0 0 
K^^ MO(CN)q 0 0 
K^ Mo 0 0 
K̂ ^ Mo (CN)^ .211^0 0 0 
The molybdenum (ill) and (IV) cyanides are diamag-
netia. The molybdenum in the octoj-cyanide complex is in 
the (IV) state and the two electrons in the outer orbitals 
are paired and fill the first orbital of the Ij-d electronic 
arrangement. If the next consecutive orbitals are to be 
filled by the eight cyanide groups then the hybridization 
of bond orbitals would be Ud^ 5s 5p^ and this arrangement 
harmonises with the spatial arrangement given by Kimball 
(79) as a dodecahedron. Other alternative bond types for 
a co-ordination number of 8 would be d^ p^ and d^ s p^» 
If the shape were an antiprism (d^ p^) the 5s orbital 
would be vacant with the cyanide groups occupying four 4d, 
three 5p and one 5d orbitals. 
If the shape were a face-centred prism (d^ s p^) then 
the cyanide groups would occupy four iL|.d, one 5s, two 5p and 
one 5d orbits. 
X-ray measurements (61) have established the dodecahedral 
spatial arrangement of the eight cyanide groups around the 
molybdenum (IV) in the [MO(CNJQJ ion. The spatial arrange-
ment is shown in Pig.1(d) and the formulation of the complex 
is expressed as in Pig.1(c). Infra-red spectroscopy showed 
no evidence of cyanide bridging in Mo (GN)g (81). 
The molybdenum in the pentacyano complex K Mo(CN)^ (not 
previously reported) is also in the (IV) state. 
The molecular weight determinations clearly show the 
formation of two ions from K Mo(CN)^, The results of 
conductance measurements tend to agree with the existence 
of |MO(CN)^ ion. 
The co-ordination number of the molybdenum atom is thus 
5 and the compound was found to be diamagnetic« 
If single bonding between the molybdenum and cyanide 
occurs the possible electronic arrangements for bonding 
orbitals are: 
kâ 5s 5p 
d^ 8- H 1 
d^ S p H 
d2 s p2 if 







Because the complex is diamagnetic the two electrons 
in the l|d sub-shell for Mo(iv) must be paired. 
Either bipyramid or tetragonal pyramid are possible 
spatial arrangements, Hov/ever the complex K MO(GN)^ is a 
very stable substance and its behaviour is in keeping wiiih 
the '̂inner orbital'* type of complex. It may therefore be 
expected that the bond orbitals would be d^s and not d^s p, 
d^s p^ or d s p^. With the filling of the first i+d orbitals 
by the paired electrons of the molybdenum (IV) the next 
available orbitals are four and one 5s, and these would be 
-i+5-
used for bonding v/ith the five cyanide groups. 
The spatial arrangement for d^s bonds could be with 
the molybdenum as the central atom in the same plane as 
the four cyanide groups with the fifth cyanide group 
vertical- or that the molybdenum atom could be out of the 
basal plane as indicated in Fig.1(b). 
Infra-red spectroscopy(81) shows no evidence of 
bridging of cyanide groups. 
Partial double-bond character of metal-carbon bond 
appears in anionic cyanide comr>lexes of other transitional 
r V p-
elements such as |Je (CN)gJ , jCo(;CN)gJ , [Mn (CN)^ , 
Ni (CN)J , [or ((63)p.256) and resonance can be 
assumed between M = : G = : N " , M - C = N and M*̂  (CN)"", 
Double bonding may occur in cyanide complexes where 
there is evidence for the existence of d ^ " Vj^ bonding 
with a penultimate d ^ orbital. The notable stability of 
the planar tetracyanide anion (CN)J and other ions 
lend support to the possibility of reinforcement by such 
double-bonding (82). 
ion 
suggest some double bonding character besides an inner 
orbital»' type of formation and the filled l+d orbital could 
in fact give rise to some TT bonding. 
It is obvious that the structure of K Mo(CN)^ cannot 
be solved without recourse to an X-i*ay study. 
The stability and inertness of the Mo (CN)^ 
The potassium and ammonixim octqcyano complexes are 
yellow. They crystallise in the orthorhombic system as or 
pyramidg/pinacoids (3); the crystal habit of the octq-
cyanides prepared in work for this thesis was pyramids. 
Coloured precipitates were formed by substituting the 
potassium with metallic ions. Thallous thallium forms 
orange-yellow Tl^ Mo(CN)g (57); cadmium forms yellow, cobalt 
forms reddish-yellow, copper forms violet-brown, and mangan-
ese a bright yellow precipitate. The potassium in K Mo(CN)^ 
is not replaced by copper, cobalt, cadmium or manganese as 
occurred with the octacyanide, indicating again a monovalent 
anion. 
The Mo(IV) in the white cyanide, K MO(GN)^ was produced 
from Mo(VI) in Mo A red cyanide containing Mo(lV) was 
also produced from Mo (this thesis). Bucknall and VVardlaw 
(42) prepared their red cyanide by the addition of potassiiim 
cyanide (saturated solution) to the brown liydroxide of quin-
auevalent molybdenum. In the preparation of the K Mo(CN)^ 
it was found that if care was not taken sorne brown product was 
likely to form. Molybdenum trioxide and solid potassium 
cyanide were ground together, water was then added and the 
mixture refluxed. Red crystals formed which on removal of 
potassium hydroxide became brovmish. This was comparable to 
Bucknall & Wardlaw* s red cyanide K^ Mo(OH)|^(CN)^.4H20. The 
product described in this thesis is of the composition. 
E^Mo ^ ^ diamagnetic. 
The red cyanide is sbable towards dilute mineral acids 
"but appears to be decomposed by organic acids such as salicylic 
acid or oxalic acids although no definite compounds have been 
obtained {51). 
Conductance measurements and molecular weight determina-
tions (ij.2) have indicated that more than five ions are present 
in dilute solutions. This is supported by the fact that a 
dilute solution is alkaline. 
Apart from the red cyanide K^ Mo (CN)^ it is possible 
to produce a cyanide from molybdenum (v) as K^ UO{GN)Q (57). 
However this is unstable and reverts to K^ Mo(GN)g. 
As a test for the valency of molybdenum in the hepta-
cyanide/- a solution of this complex was added to ferric alum -
phosphoric acid solution and the ferrous salt formed was 
titrated with standard permanganate solution. The titration 
figures showed that three electron equivalents were involved 
in the oxidation that is Mô "̂  was oxidised to Mô "*". Young 
(ij.1 ) has also shown the molybdenum in this complex to be in the 
trivalent state. He oxidised the heptacyanide with hot ferric 
alum solution in the presence of mercuric sulphate and titrated 
the ferrous salt formed with standard permanganate solution. 
The magnetic susceptibility determinations (on all tliree 
modes of preparation) showed the black cyanide complex to be 
diamagnetic. This diamagnetism is unique for a trivalent 
molybdeniim compound and i n d i c a t e s t h a t t h e compound must 
i n v o l v e a Mo - Mo b o n d . 
Young s t a t e s t h a t t h e b l a c k c y a n i d e K^ Mo(CN)y .2H20 
i s u n s t a b l e and r e v e r t s t o t h e y e l l o w o c t a c y a n i d e K^^ MO(GN)Q 
i n t h e p r e s e n c e o f m o i s t a i r . I t was d e c i d e d t o f u r t h e r i n -
v e s t i g a t e t h i s c h a n g e . 
A fi*esh p r e p a r a t i o n o f t h e d r y b l a c k c y a n i d e was l e f t e x -
p o s e d t o a i r f o r a b o u t 2 ho\irs . The p o t a s s i u m h y d r o x i d e and 
t h e y e l l o w K^^ M O ( C N )Q were l e a c h e d w i t h c o l d w a t e r l e a v i n g a 
w h i t e r e s i d u e . The w e i g h t o f t h i s w h i t e r e s i d u e a p p r o x i m a t e d 
t h e t h e o r e t i c a l y i e l d e x p e c t e d a c c o r d i n g t o t h e e q ^ u a t i o n : -
3K^^MO(CN)-^.2H20 + |02->2K^j^MO(CN)q + KMoCCN)^ + 3K0H + 
M o ( l l l ) — ^ M o ( l V ) M o ( l V ) 
The c r y s t a l h a b i t and a p p e a r a n c e o f t h i s w h i t e p r o d u c t 
a p p e a r e d t o be t h e same as t h e p r e v i o u s l y r e p o r t e d p o t a s s i u m 
p e n t a - c y a n o m o l y b d a t e ( I V ) . The a n a l y s i s c o n f i r m e d t h a t t h i s 
w h i t e r e s i d u e was i n d e e d K M O ( G N ) ^ . (Found : Mo 3 6 . 5 ; ON ¿4-9.0; 
c a l c u l a t e d Mo 3 6 . 3 ; CN 1+9 .3 ) . 
C o n d u c t a n c e and p H measurements a l s o i n d i c a t e t h e r e a c -
t i o n t o p r o c e e d a c c o r d i n g t o t h e a b o v e e q u a t i o n . 
T h i s i s f u r t h e r e v i d e n c e o f t h e e x i s t e n c e o f t h e w h i t e 
c y a n o c o m p l e x K Mo(CN)^. 
D. The Complex Thlooyanates of Molybdenum (ill) 
The thiocyanate complexcsof molybdenum (ill) have greater 
relationship to the hexachlorides than to the cyanides• The 
bond orbitals, the octahedral structure and the magnetic sus-
ceptibility are similar. Two preparations of the ammonium 
hexa-thiocyanato molybdate (ill) were made and some comments 
on the preparation of one of them is warranted. 
In the preparation of (NHĵ ) Mo(SGN)g, electrolysis of 
the molybdenum solution containing ammonium thiocyanate must 
be at a temperature of over 60^G (60 - 70^0) so as to volati-
lise any Mo(SCN)^ which is formed during reduction. In 
experimental work it was found that if this temperature was 
not maintained the final product was coloured red. 
It was thought th%t this colour might be due to Mo(SON 
To confirm this some Mo(SGN)^ solution was prepared; ¥/hen 
warmed it lost its colour but regained it on cooling. The 
same behaviour occurred in the first preparation of (NH^) Mo(SGN]^ 
but continued heating under reduced pressure at 70^C prevented 
the formation of the red colour on cooling. 
When the hexa-thiocyanate is crystallised from water, water 
molecules are attached. On crystallisation from hydrochlorine 
acid (NĤ )̂ Mo(SCN)g .H G1 .H^O can be formed and the alcoholate 
(NĤ )̂ Mo(SGN)g .Gg H^ OH .H^O has been produced (16). When 
the compound was allov/ed to crystallise from acetone 
Mo(SCN)g .3GH^ .CO.CH^ was formed. This compound has 
not been reported previously. The acetone can be removed by 
heat, especially from water solution at 70^0• This character-
istic of the thiocyanate complex to have varying additives is 
absent in the corresponding halides. 
The ammonixim hexa-thiocyanate complex was also prepared 
from (NH^) MO Clg when thiocyanate replaced the chlorine 
according to the reaction:-
(NH¿^)^MO Clg+ Mo(SGN)G + G1 
This reaction occurs without oxidation whereas the 
molybdenum (ill) with cyanide is oxidised to molybdenum (IV). 
(This has been dealt v/ith under Section lie). 
The molecular conductance of the thiocyanate complex is 
375 mhos and is comparable v/ith the complex chlorides in that 
four ions are indicated. The effective magnetic moments 
obtained (3.36 B.M. for (NH, ) Mo(SGN)^ •'4H0O and 3.72 B.M. 
^ 3 o ¿ three 
for (NEĵ )̂  Mo(SCN)g .3CH^ .CO.CH^) showed the expected/unp?^ired 
electrons which would accupy the first three Ij-d orbitals. 
Therefore the orbitals used for bond formation by moly-
bdenum (III) in the hexa-thiocyanate are the same as those 
in the hexa-chloride i.e. 5s The spatial arrange-
ment would be octahedral^ (Pig.2(e). 
If the penta-thiocyani molybdate (ILL), (NLI. ) Mo(SGN)(-
.Ij-Ĥ O with a magnetic moment of 3odk B.M. is octahedral then 
the formula would be (NH^) Mo (SCN)^ .E^oJ which can be 
compared to the penta-chloro complex |MO Cl^ 
Thio-cyanate replaced chlorine in the penta-chloro complex 
to i'orm the penta-thiocyano complex. The molecular con-
ductance of the penta-thiocyanate complex is 276 mhos and is 
comparable with the penta-chloride complex in that three ions 
are indicated. 
E. Compounds of Molybdenum (III) with some 
Bidentate Llp:ands 
Tiie co-ordination of bidentate ligands such as o, 
phenanthroline and 2:2' dipyridyl with molybdenum (ill) 
have not been reported previously. 
^ Octahedral chelate complexes of the t̂ ype Mo(phen)jX^ 
and Mo(dipy)^ X^ (X = 01, Br, l) ; have been formed 
and the magnetic susceptibilities showing 3 unpaired electrons 












These might be compared to the tervalent chromium complex 
Cridipy)^ OlO^J with an effective magnetic moment of 
3.76 Bohr magnetons (8U). 
Prom Table k it can be seen that the effective magnetic 
moments approximate the spin-only value for three unpaired 
electrons and Hund's Rule is obeyed. 
Analysis, <^onductivity and magnetic susceptibility deter-




Mametic Suscepti"bilities Chelate Gomplezes 
Compound Effective Moment Effective Moment 
B,M, (experimen^l) B»M»Spin value 
reale•) 
MoCdipy)^ Cl^ 3.66 3.88 
Mo(dipy)^ Br^ 3.81}. 3.88 
Mo(dipy)^ 3.814- 3.88 
Mo(phen)^ Cl^ 3.83 3.88 
Mo(piien)^ Br^ 3.83 3.88 
Mo(phen)^ 3.81+ 3,88 
The lower figure for Moidipy)^ Cl^ is attributed to 
impurity. 
The halogen compoimds were prepared in alcoholic solution 
of (NH^) Mo Clg and the appropriate chelating group. Attempts 
were made to prepare the Perchlorates by replacement of the 
"bromine in the bromide complexes by perchloric acid without 
avail. 
The chlorides are dark red, the bromides orange, the 
iodides chocolate. 
Chelation with the bidentates o.phenanthroline and 2:2*-
dipyriclyl is through nitrogen whereas with the oxalates and 
salicylates linkage is through oxygen. 
The triS)~phenanthroline and the tris-dipyridyl com-
plexes of Mo(lll) appear to be very stable and this is further 
indication that the lower d orbitals are used in the binding. 
It has been suggested that the maoor factor responsible 
for electron pairing and strong binding is the formation of 
double bonds ( 7\ bonds) (Sk) using i+d electron pairs (in the 
case of molybdenum) as proposed by Pauling ((63)p.250). No 
electron pairing, however, occurs (3 unpaired electrons) and 
it is most probable that only single-bond structures exist 
such as the following exgtraple using dipyridyl: 
X X 
P# Oxalato and Garbonato Complexes of MolybdeniimCry) 
(i) The Oxalato Complex 
The oxalato trichelate salt K^ known 
but any attempts to form a similar molybdenum compound have 
failed. Poerster and Pricke tried to produce an oxalate 
by dissolving Mo(OH)^ in oxalic acid. Spittle and Wardlaw 
(1|I|.) also tried to produce an oxalate v/ith reduced molybdenum 
following the earlier work of Ghilesotti (Z. Electrochem 12, 
114-6, 1906). 
It seemed probable, however, that if the molybdenum was 
reduced electrolytically in the presence of the cation there 
would be a greater probability of producing a complex of the 
type Rĵ  MoOXĵ . This procedure has been found to be effective 
and with good results in the preparation of other complexes 
for work in this thesis. Therefore an ammonium molybdate 
solution containing oxalic acid was electrolytically reduced. 
The product was (NH^) Mo(OX), .SHpO by analysis and the de-
^ I4. T 
tailed method is reported in Section III (a). 
This complex is diamagnetic and like the octQ-cyanides 
¿1 ^ 
it is possible that the bond orbitals are i+d̂  5s 5p • 
It is however probable that the (NH,.) Mo(OX). .8HOO is 
a double salt (NĤ )̂ MOCOX)^ O^-^H^O. 
The conductance M/1000 is 730 and comparable with the 
double salt (NĤ )̂̂  MoClg .NĤ ^ Cl.SH^O, 730. 
( i i ) The Carbonato Complex 
Mellor is his '^Treatise on Inorganic Chemistry" (I5) 
(page 6 5 9 ) states that no molybdenum carbonate has b e e n r e -
pOi»t©à, No observed literature reporti any carbonates or 
oarboa^to QOmpliJC for molybdenum. 
The carbonato complex reported here was formed when an 
attempt was made to produce an iodo complex with molybdenum 
(III)-
Potassium molybdate was made acid with hydriodic acid 
and about 2g of potassium iodide added. This solution was 
electrolysed using a mercury cathode and a carbon anode. 
Iodine liberated markedly corroded the carbon anode and a 
carbon deposit formed which was filtered off. The carbon 
was replaced with a platinum anode and electniysis was con-
tinued. The final reduced solution was a very light-brown-red 
colour which v/as guite different from the more intense red-
coloured reduced solutions of chloride and bromide molybdenum 
( I I I ) . 
The reduced solution was evaporated under suction at 70^G. 
to about 50 ml.; alcohol was added; two layers formed, the 
electrolysed solution and the alcohol layer. Carbon dioxide 
was bubbled through the reduced electrolyte and a white pre-
cipitate formed from the aq.ueous layer. The precipitate v/as 
filtered, washed with alcohol and dried at iOO^C. 
The analysis was: Mo 1U.7; CO^ k3*0; K 35.ij-
This is in agreement with Kg Mo(CO^) or Mo(cOj) 
The molecular conductivity of m/1016 at 25^C. = 680 
and it hydrolyses slightly. 
Magnetic susceptibility measurements show this compound 
to be diamagnétic a x 10 = -0.052.) involving Mo(IV)• 
Heide and Hofmann (Z. anorg. Chem. 277, 1896) (15) 
reduced an acid solution of molybdenum trioxide with potassium 
iodide. The excess iodine was removed during electrolysis. 
To this solution they added potassium cyanide to obtain re.d 
crystals of the red cyanide to vmich they assigned the formula 
iiXCN.1002*1 OH^O. 
This process is to be compared to that just described 
for the preparation of the carbonata complex. In both cases 
an exhaustively reduced solution of molybdenum (III) with 
potassium iodide is produced - in one case potassium cyanide 
is added and in the other carbon dioxide;' both additions 
producing complexes. 
Complex Colour Electronic Arrangement 
Bond 
Orbitals 
Shape Magnetic Moment 
Bohr Magnetons 
Aiianonium hexachloro 
raolybdate (ill ) 
Ammonium pentachloro 
molybdate ( I I I ) 
Potassitim hexachloro 
molybdate ( I I I ) 
Lithium hexachloro 
molybdate ( I I I ) 
Potassium hexabromo 
molybdate (ill ) 
Ammonium hexathiocyanato 
molybdate ( I I I ) 
Ammonium pentathiocyanato 
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Octahedral 3.88 3.86 
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l+d̂  5s 5p̂  Octahedral 3,88 
5s 5p̂  Octahedral 3.88 
kd̂  5s 5p̂  Octahedral 3.' 
kä.̂  5s 5p̂  Octahedral 3.88 
2 kd 5s 5p Octahedral 3. 
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SECTION III 
A. PREPARATION OF COMPOUNDS 
In the preparation of the hexa-halide complexes of 
molyMenum (ill) electrolytic reduction was made (using a 
mercury cathode) from a solution of molyhdenum trioxide in 
hydrochloric acid (or hydrobromic acid) to which was added 
the appropriate cation or from acidified molyhdate solution. 
The second important point in the preparation of these 
compounds is the saturation of the reduced solution with 
hydrogen chloride (or hydrogen bromide) feas carried by carbon 
dioxide to maintain an inert atmosphere. 
( i ) Ammonium hexachloro molybdate ( i l l ) 
iOg amiaoniiim molybdate, (NHi^) MoO^̂  and iOg of ammoniiom 
carbonate were dissolved in hydrochloric acid and diluted to 
200 ml with 8n hydrochloric acid. This solution was a pale 
yellow colour. The solution was electrolysed 8 to 10 hours 
at 2-3 amperes and M^ volts, using a mercury cathode and 
platinum anode. The partition between the anolyte and the 
catholyte was sintered glass. 
During electrolysis the colour changed from pale yellow 
to brown to red. The red colour and the free evolution of 
hydrogen indicated complete reduction to the Mo(lll) state. 
The reduced solution was then saturated with hydrogen 
chloride gas carried by carbon dioxide. Bright red acicular 
crystals separated. The solution and crystals were cooled 
in the refrigerator and the crystals filtered off by suction 
using a buchner funnel. The crystals were washed with 
alcohol and dried at 6o^G, 
Analysis of (NHj^) Mo Gig 
Calculated: Mo 26 , 5 ; CI 5 8 , 6 ; 114-8: 
Pound: Mo 26 , 5 ; CI 5 8 , 6 ; NH^̂  1U.8 : 
In subsequent preparations of A electrolytic reduc-
onhr 3 
tion was made from ammoniiim molybdateAin hydrochloric acid. 
Very pure products were obtained and the products were brick-red. 
(ii) Potassium hexacliloro molybdate (ill) 
K^ Mo Clg 
20g molybdeniim trioxide MoO^ were dissolved in the 
miniimim amount of saturated potassium hydroxide solution 
until crystals of potassiiim molybdate formed with excess 
potassium hydroxide. 300 ml of 8N hydrochloric acid were 
added. The solution was then electrolysed using a mercury 
cathode and a carbon anode at 12 to volts with a current 
of 3 to ij. amperes. The partition of anolyte from catholyte 
was effected with sintered glass. The time of reduction to 
the molybdenum (ill) state was 5 to 6 hours. During this 
electrolysis the anolyte was renewed once with 8N hydrochloric 
acid. A carbon dioxide atmosphere was maintained during re-
duction. The electrolyte colour was initially colourless and 
the solution changed through green, molybdenum (V) to red, 
molybdenum (ill). When hydrogen gas was being freely evolved, 
that is when the molybdenum had been reduced to the tervalent 
state the carbon dioxide atmosphere was discontinued. 
The reduced solution was collected from the electrolysis 
cell, saturated with hydrogen chloride gas mixed with carbon 
dioxide and allowed to cool in the refrigerator. 
Deposition of brick-red crystals occurred immediately 
on cooling. These were filtered off, washed ?/ith absolute 
alcohol and dried at 50^0. 
Analysis of K^ Mo Gig 
Calculated: Mo 22.5; CI 50.0; K 27.5: 
Found: Mo 22.3; CI 50.0; K 27.6: 
(iii) Potassium hexabromo molybdate (ill) 
K^ Mo Brg 
lOg potassitim molybdate were dissolved in 30 ml water 
and diluted to hOQ ml with hydrobromic acid (48^). This 
solution was electrolysed for 72 hours at 1 ampere using 
a platinum anode and a mercury cathode. The solution colour 
changed from a pale red to a final cherry-red» The reduced 
solution was saturated with hydrogen bromide gas carried by 
carbon dioxide. The solution was then evaporated at 70^G 
under reduced pressure and a red solid separated in crystalline 
form. The precipitate was washed firstly with hydrobromic 
acid and then with a minimum of absolute alcohol as the complex 
is alcohol soluble. 
Analysis of K^ Mo Br^ 
Calculated: Mo 13»8; Br 69.3: 
Pound: Mo 13.8; Br 69»2: 
(iV) Lithiiim hexachloro molyMate ( i l l ) 
' l i ^ Mo Gig .9H2O 
20g molybdenum trioxide and iOg of lithiiim carbonate 
were dissolved in 200 ml of ¡̂ J hydrochloric acid. The cell 
conditions were similar to those used in the preparations of 
K^ Mo Gig; mercury cathode, carbon anode, 12-Ii4. volts. The 
amperage was lower, 2 amps, and the time of electrolysis, that 
is until the molybdenum was tervalent, was 12 hours» An 
atmosphere of carbon dioxide was maintained. 
The colour of the reduced solution was amber. The re-
duced solution v/as removed from the electrolysis cell and 
hydrogen chloride gas and carbon dioxide were passed through 
the solution until saturated. No precipitate formed. The 
solution was concentrated by evaporation under suction to 
about ¿4.0-50 ml. This was placed in a vacuura desiccator to 
produce a super saturated solution. This solution was 
seeded with some crystals of the lithium complex from a 
previous product and wine-red crystals separated. 
Analysis of Li^ Mo Gig .gH^O :-
Calculated: Mo 19*5; 01 ii3.2: 
Found: Mo 19 . 2 ; 01 42 . 6 : 
(v) Ammonium pentachloro molyMate (ill) 
Mo CI5 .H^O 
100 ml of 'i'% Mo Cl^ (electrolysed solution) was added 
to 90 ml of IO9S aq.ueous ammonium chloride. The resulting 
solution was concentrated by evaporation at 70^0 imder reduced 
pressure until crystallisation commenced. The mixture was then 
rapidly cooled and filtered. The precipitate was washed with 
959S alcohol and finally with absolute alcohol. The crystalline 
product was dried in vacuo. The colour of the preparation was 
bright brick-red. 
Analysis of (NĤ )̂ Mo 01^ •H2O:-
Calculated: Mo 29.U; CI 5̂ 4.3: 
Found: Mo 29.k; CI 5U»3: 
(vi) Ammoniiim hexa thiocyanato molybdate ( i l l ) 
(NH^^)^ Mo(SCN)g ' 3(CH^) GO. 
10g of ammonium molybdate were dissolved in 50 ml of 
warm water. 33g of ammonium thiocyanate were then added. 
A white precipitate formed« 50 ml of dilute sulphuric acid 
(15 nil concentrated sulphuric acid (1.81^.) diluted to 50 ml) 
were then added. The white precipitate dissolved and a 
blood r^d solution resulted due to some M o ( S O N b e i n g formed. 
This solution was exhaustively reduced in the electrolysis 
cell with the follov/ing conditions; sintered glass diaphragm; 
lead anode; mercury cathode; U amps; 38(thirty eight) volts; 
time 6 hours. No protective atmosphere was used. 
As electrolysis commsnced the solution became viscous. 
The colour changed to reddish-broTO and finally yellow after 
5-̂  hours. Hydrogen was by this time being freely evolved. 
The temperature of the catholyte was 70^0. A small amount 
of black insoluble material was removed. The filtrate -
yellow - was allowed to cool and some brownish-yellow crystals 
formed. These were dried and were found to be paramagnetic 
and of the ratio 2 .7 Mo to 37*7 SON and obviously impure. 
This product was treated with acetone. 
The acetone from the acetone extractable portion was 
evaporated under vacuum to give a yellow product. 
Analysis of (NH^^) Mo(SCN)g .3CHj Gd GH^ : -
Galculated: Mo 1ii..2; SGN 51 . 8 ; NH. 8 . 1 ; (GH.) GO 25 .8 : 
J) 
Pound: Mo 1^ . 2 ; SGN 52 . 0 ; NH^ 8.i+; (GH.) GO 25 .7 : 
J) J) 2 
(vii) 2nd PREPARATION 
Ammoniiim hexa thiocyanato molyMate (ill) 
(NHĵ )̂  Mo(SGN)g •ilĤ O 
kg of (NH. ) Mo Gig and 8g of ammonium thiocyanate 
3 
v/ere dissolved together in 75 ml water. This solution was 
concentrated under suction at 50-60^C to approximately 30 ml 
(when crystallisation commenced). The solution was allowed 
to crystallise. The crystals were filtered off and dried 
in a vacuiam desiccator. This product was redissolved in a 
minimum of water and recrystallised three times under suction 
and the temperature was "below 6o^G. 
The mother liquor from the final crystallisation was 
dried off on filter paper. The product was yellow. 
(viii) Ammonium penta thiocyanato molybdate (ill) 
(NĤ )̂̂  Mo(SCN)^ .UH^O 
2g of (NĤ )̂ Mo Cl^ •H^O and Ug of NĤ ^ GNS were 
dissolved together in 100 ml water. This solution was 
concentrated by evaporation at 60^C under reduced pressure 
until crystals appeared. The mixture was cooled and the 
precipitate filtered. The precipitated crystals were 
dissolved in water and recrystallised again under re-
duced pressure. 
The product was bright yellow. 
Analysis of (NH^) Mo(SGN)^ »^H^O 
Calculated: Mo "iS.k; CNS 58.7: 
Found: Mo CNS 58.8: 
(ix) Potassium pentacyano molybdate (IV) 
K Mo(CN)^ 
Equal parts (gravimetpic) of molybdenum trioxide and 
potassium cyanide were weighed. The molybdenum trioxide 
was dissolved in excess aqueous solution of potassium cyanide 
The solution was filtered and concentrated by boiling. The 
solution was allowed to crystallise over a period of three 
weeks and white crystals separated. These crystals were 
redissolved and reprecipitated. 
Analysis of K Mo(CN)^ 
Calculated: Mo 36.3; CN k9*3; K 1Ii-.7: 
Pound: Mo 36.l+i CN U9.1 ; K 1^.8: 
(^) Potassium octqcyano molybdate (IV) 
K^ Mo(CN)Q • m^o 
lOg molybdenyl hydroxide MoO(OH)^ and 20g of solid 
potassiiira cyanide were ground together in an agate mortar. 
Over a period of two hours, 60g of water were added with 
frequent mixing. 
This mixture (brown) was poured into a flask and re-
fluxed for three hours. The colour changes were from brown 
to green to yellowish-green. The water was then evaporated 
and a mixed product resulted, yellow crystals and green 
crystals. These were dehydrated in a beaker over an open 
flame about 200-300^0 when only yellow crystals remained. 
The cyano complex, yellow crystals, was then dissolved 
in a small amount of water and the solution remained yellow. 
This solution, 20 ml, was poured slowly into 200 ml alcohol 
with brisk stirring. Very sm.all crystals precipitated. By 
analysis these were found to be impure - contaminated with 
potassium cyanide. 
Purification was achieved by brisk stirring in 70:30 
alcohol and water, decanting the liquid and repeating the 
operation 8 to 10 times. The yellow crystals were given a 
final wash with absolute alcohol and dried at ¿4-0̂ 0. 
Analysis of K^ Mo(CN)3 .2H2O :-
Calculated: Mo 19*3; GN U1.9; K 3i-U: 
Pound: Mo 19.̂ +; ON li.2.2; K 31 .3: 
The molybdenum hydroxide MoO(OH^) for the above 
preparation of K̂ ^ Mo(GN)g prepared by Palmer's 
Method '^Experimental Inorganic Chemistry'^ - Palmer page h06 
(i|.8K Ammonium molybdate solution with hydrochloric acid 
and mercury is shaken to give a dark red solution. Ammonium 
carbonate is added to the filtrate and heated to boil whilst 
passing a current of carbon dioxide. The preparation is 
cooled with continued passage of carbon dioxide. The pre-
cipitate is filtered, washed v/ith air-free water and finally 
with acetdne. 
(xi) 2nd Preparation 
Potassium octpcyano molybdate (IV) 
K^ Mo(CN)3 
kg K^ Mo Gig were dissolved in I4.O m l water. The 
solution was refluxed for about 10 hours. A small amount 
of dark green precipitate formed and this was filtered. The 
filtrate was evaporated by boiling until crystals just began 
to form. Alcohol was added and the precipitate of small 
yellovz-green crystals were separated. Excess potassium 
cyanide was extracted from this product by several leachings 
with 70:30 alcohol/water mixture. The final product was a 
canary yellov/. 
Analysis:- K 31.U; Mo 19.3; GN 14-2.0: 
(^^i) Pi^eparation of potassiiun tetracyanodioxo molybdate(IV) 
K̂ ^ M0O2 (CN)̂ ^ 
10g of molybdenum trioxide MoO^ and 20g of solid 
potassixim cyanide were mixed by grinding together in an agate 
mortar» To this mixture were added 60g water over a period 
of 2 hours• The solution was refluxed 3 hours and gave a 
yellowish-brown coloured solution. The solution was then 
evaporated until saturated and on crystallisation red crystals 
formed. 
The crystals were redissolved in 20 ml water, giving 
again a yellov/ish-brown solution. The cyanide complex was 
purified by stirring them briskly in a mixture of alcohol and 
water, 70:30, decanting the supernatant liquor and repeating 
the process 8-10 times. The final product was washed with 
absolute alcohol and dried at ¿|.0̂ C and the colour was brownish-
red. 
Analysis of K̂ ^ MoO^ (CN)̂ :̂-
Calculated: K 1+0.1; Mo 2^.7; ON 26.9: 
Pound: K 39.9; Mo 2k.5; ON 27.0: 
(xiii) 2nd Preparation of K^ Mo (CN)^ 
Following Bucknall and Wardlaw's method for 
K̂ ^ Mo(OH)̂ (CK)̂ .̂i4fi20 I50 ml of 10^ Mo in 3N hydro-
chloric acid were electrolysed (using a mercury cathode and 
platinum anode), to the molybdenum (v) state. The electro-
lysed solution was concentrated under reduced pressure at 
60-70^0 to about I5 ml. On the careful addition of very 
concentrated potassium hydroxide the brown hydroxide of 
quinquevalent molybdenum was obtained. On the addition of 
the theoretical amount of potassium cyanide (27g) as a 
saturated solution the hydroxide slowly dissolved. This 
solution was concentrated under reduced pressure at 70^0 and 
alcohol was added when a red precipitate formed. The pro-
duct was washed with absolute alcohol and dried. 
Analysis: Calculated: Mo 2l|.7; CN 26.8: 
Pound: Mo 24.7; CN 26.9: 
The Preparations of Potasaium heptacyano molybdate (ill) 
The tervalent mo ly Men urn cyanide complex K^ MO(GNJ^. 2H2O 
was prepared in three ways. One following Young's method 
of alloY/ing K^ Mo Gig to react with KCN and water in a 
nitrogen atmosphere and subseq.uently precipitating the black 
cyanide from solution with alcohol. The second method vias 
similar; (NH^) 
Mo Gig and KCN (7g to i2g) were mixed together 
and were allowed to react with a small amount of water in a 
carbon dioxide atmosphere over a period of 15 to 18 hours. 
In the third method potassium cyanide was added to a solution 
of Mo Cl^ in hydrochloric acid and the resultant solution was 
placed in an electrolysis cell and electrolysed for I5 hours. 
The black cyanide was precipitated by introducing air-free 
alcohol saturated with hydrogen. 
(xiv) Potassium heptacyano molybdate (ill) 
K̂ ^ Mo(CN)^ 
2g K^ Mo Gig and 3.5g KCK and 20 ml of air-free water 
were introduced into a repletion vessel and an inert nitrogen 
atmosphere was maintained for 18 hours. The red solution 
changed to brov/n and a precipitate formed, probably an hydrox-
ide, the eolation became black and ultimately all the pre-
cipitate dissolved to give a dark red-brov/n solution. Air-
free ab(j>solute alcohol was introduced and a black precipitate 
formed. This was washed by decantation several times with 
absolute alcohol and finally filtered and again washed with 
absolute alcohol. A nitrogen atmosphere was maintained 
throughout. 
(xv) 2nd Preparation 
2g (liHju) Mo Clg and 3.5g KCN were mixed together and 
3 
about 10 ml of air-free water added in a small flask in which 
a carbon dioxide atmosphere was maintained over a period of 
15 hours. Air-free,CO^ saturated, absolute alcohol was added 
and washing done by decantation. The black product was 
filtered under a 00^ atmosphere and washed with absolute 
alcohol. 
(xvi) 3rd Preparation 
2 50 ml of Mo Cl^ solution (250g H^MoO^^/l) in 
hydrochloric acid were added/o36g KCN. This solution was 
placed in an electrolysis cell and electrolysed for 18 hours 
using a mercury cathode and a platinum anode. 
Absolute alcohol air-free and saturated with hydrogen 
was introduced under pressure into the cell and a black 
precipitate formed from a dark reddish-brown solution. 
The black precipitate was tapped off from the bottom 
of the electrolysis cell into air-free absolute alcohol, 
washed by decantation with absolute alcohol and filtered and 
again washed. Hydrogen atmosphere was maintained except 
for the final filtration. Provided that as much water as 
possible is removed by decantation processes and that fil-
tration is done quickly, the product does not alter appreciablfcr, 
Analysis of ; K̂ ^ Mo(CN)-^'2H2O :-
Galculated: K 33 .2 ; Mo 20.k; CN 38 .7 : 
Pound: K 33 .3 ; Mo 2O.I4-; CN 38^5: 
(xvii) Ammonium tetraoxalato molybdenxim (IV) 
(NH^) Mo(OX)̂ ^ •8H2O 
Or the double salt (NH^) MoCOX)^^ (NĤ )̂ OX.SH^O 
This preparation was made hy electrolytic reduction^ 
The electrolyte was made by dissolving I0g ammonium molybdate, 
(NĤ )̂̂ MOÔ ,̂ 10g of ammonium oxalate, 20g oxalic acid in 250 ml 
of water. The electrsdes were platinum anode^mercury cathode 
diam.), sintered glass partition was used to separate 
the anolyte from the catholyte. The electrolysis proceeded 
at 2k volts, 2 to 3 amps, for 12-14 hours. 
The initial colour of the elctrolyte was a clear, slighter 
brown, colour. At the commencement of electrolysis the colour 
became a golden yellow and changed to yellowish-brown to a 
reddish-brown when hydrogen commenced to be evolved at the 
cathode (the Mo(lll) stage). The temperature rose to 75^0 
during electrolysis and the final colour of the reduced 
electrolyte was red. 
The reduced electrolyte was removed from the cell without 
any protective atmosphere and v/as placed in the refrigerator 
for crystallisation after being filtered. 
A small amount (1-2g) of brownish material separated. 
This was filtered off and v/ashed with alcohol. Before washing 
with alcohol this precipitate began to change to a bluish 
colour on the surface as soon as the mother liquor had drained 
off. After the alcohol wash this product was dried to a light 
fawn colour. This material was set aside for later in-
vestigation. 
Alcohol was added to the filtrate and a yellowish-brown 
precipitate formed giving a good yield. This precipitate 
was very light and after filtering and washing with alcohol 
it was dried at kO^C to give a light "brown product. This 
ammonium oxalate molybdate (iv) charred at 6o^C. 
Analysis of (NH^)^ Uo(OX)^ .BH^O 
Calculated: Mo OX 53.6; 10.8: 
Found: Mo OX 53.3; NH^ 10.8: 
(xviii) Tris-o,phenanthroline moly'bdeniim (ill) chloride 
Mo(phen)^ Cl^ 
Mo Cl^ were dissolved in water and alcohol 
3 
.^d a few ml of HCl added. To this solution was added 0.5g 
of o.phenanthroline alcohol solution. The red solution was 
concentrated under reduced pressure at 
The dark red product -was washed with water and then^ 
with a little alcohol. 
Calculated: Mo 12.35; CI 13.6: 
Pound: Mo 12.2; CI 13*5: 
(xix) Tris-o.phenanthroline molyhdenuni (ill) iodide 
Mo(phen)^ I^ 
0,5g (l̂ IĤ ) Mo Clg were dissolved in water with a few 
grams of KI, alcohol was added and a few ml of HI. To this 
solution was added 0.6g o.phenajithroline dissolved in alcohol. 
The mixture was red. On concentrating under reduced pressure 
at 60^C a dark chocolate precipitate fomed. This v/as water 
washed and alcohol v/ashed. 
Calculated: Mo 9.1; I 36.1: 
Found: Mo 9.0; I 36.5: 
(XX) Tris-o»phenantliroline mol:,Ipdenum (III) "bromide 
MoCphen)^ Br^ 
O.Ug Kj Mo Brg were dissolved in water a few ml of 
H Br added and the solution was made alcoholic. 0,3g 
o.phenanthroline dissolved in alcohol were added. The 
mixture gave at once an orange precipitate. The mixture 
v/as concentrated under reduced pressure at The 
orange precipitate was water v/ashed and alcohol washed. 
Calculated: Mo 10.5; Br 26.3: 
Found: Mo 10.5; Br 26.3: 
(xxi) TriS-2;2 —dipyridyl molyhdenura (ill) chloride 
Mo(dipy)^ Cl^ 
0.6g (IMĤ ) Mo Gig were dissolved in water and alcohol; 
a few ml of H 01 were added. This was mixed with an alcohol 
f 
solution of 0.78g of 2:2 -dipyridyl. The solution was red 
and was concentrated under reduced pressure 60^C. The dark 
red product ?/a® water washed, then washed with alcohol. 
Calculated: Mo 1I|-.3; CI 15.85: 
Pound: Mo ^h.h; 01 15.8: 
(XXXi) Tris-2;2 -dipyridyl moly-bdenum Clll) iodide 
Mo(dipy)^ 
Mo CI/- were dissolved in water and 
3 t 
alcohol and HI (drops) and added to 0.7Qg of 2:2 dipyridyl 
in alcohol. The solution was red. This red solution was 
reduced 
concentrated under/pressure at 60^C. The chocolate coloured 
product was water washed and alcohol washed. 
Calculated: Mo iO^iS; I U0.2: 
Pound : Mo i 0,0; I UO.1 : 
I 
(xxiii) Trie"2:2 dipyridyl molyhdenuni (ill) "bromide 
Mo(dipy)^ Br^ 
K^ Mo Brg dissolved in water and alcohol with 
f 
a few ml of H Br added. This was mixed with 0.25g of 2:2 
dipyridyl solution in alcohol. An orange - yellow precipi-
tate formed immediately. 
The mixture was concentrated under reduced pressure at 
60^C and the product was washed with water and with alcohol. 
Calculated: Mo 11.8; Br 29.2: 
Found: Mo 11.8; Br 29.3: 
-8k-
B. METHODS OF ANALYSIS 
(i) Tervalent MolyMenum Halo Gom-plexes 
Molybdenum ion;- A knov/n weight of the tervalent molybdenum 
Halo complexes was dissolved in water and titrated directly 
with standard potassium permanganate solution. With valency 
3, 1 ml of 0.1 IT. permanganate equals Mol. Wt. of Mo/^ = 0,0032. 
Mo = ml titrant O.Ui.IilvlnÔ  x 0.0032 ^ ^^^ 
wt, of sample 
The molybdenum was also determined by dissolving the complex 
in water, adding sulphuric acid and reducing the molj^-bdenum, 
or any molybdenum v/hich may have oxidised, Y/ith zinc to the 
tervalent state. The reduced solution ?/as transferred to 
a solution of ferric alum and phosphoric acid and titrated 
with potassium permanganate standard solution. 
Ammonium ion:- The ammonium ion was determined by the 
chloroplatinate m.ethod. The platinum in the ammonium chloro 
IDlatinate was reduced with aluminium and weighed as platinum 
after washing with alcohol and drying. The ammonium ion 
content being calculated from the v/eight of platinimi. 
Potassium ion;- The potassium ion was determ.ihed by the 
chloroplatinate method. The platinum in the potassium salt 
being reduced with aluminium and weighed as platinum from 
v/hich the potassium was calculated. 
Halogen ion:- The halogen ion v;as detemined h:/ (a) 
titration with standard silver nitrate solution and (h) 
gravimetric determination as silver halide. 
(ii) Tervalent MolylDdenxmi Hexathiocyanato Complex, 
Moly-bdeniim ion;- The tervalent molyhdeniim in this complex 
could not be titrated directly with potassium pemanganate 
because of the oxidation of the thiocyanate ion. The com-
plex was fumed v/ith sulphuric acid to destroy the thiocyanate 
ion, diluted with water; the molybdenum was reduced with zinc 
to the Mo(lll) state, the reduced solution was transferred to 
a solution of ferric alum and phosphoric acid and titrated 
with standaM potassium permanganate. 
Ammonium ion;- The ammonium ion was determined by 
distillation. 
Thiocyanate ion;- The thiocyanate ion was detemined by adding 
an excess of standard silver nitrate and back titrating the 
excess silver nitrate with a standard solution of thiocyanate. 
Acetone;- The acetone was determined by slowly adding 
standaM iodine solution in excess. The excess iodine was 
back titrated with standard thiosulphate solution. A blank 
was run with a known amount of thiocyanate. 
Scott and Furman "Standard Methods of Chemical i\nalysis" 
Vol.2. 2134 (83). 
(^^i) The Cyano Com-plexes of Molybdenum 
Molybdenum ion:- The molybdenum ion v/as deterrained by 
destroying the cyanide by sulphuric acid digestion. The 
molybdenum being reduced v/ith zinc, the reduced solution 
being transferred to a ferric alum-phosphoric acid solution 
and titrated v/ith stajidard potassium permanganate. 
Potassium ion;- The potassium, ion was determined by the 
chloro platinic method and reduction to platinum. 
Cyanide iont — The cyanide was determined by precipitat-
ing the cyanide as silver cyanide gravimetric method. 
In Mo(GN)g the cyanide was determined by distil-
lation with ammonium sulphate in a micro kjeldalil flask. The 
cyanide was collected in an acidified silver nitrate solution 
as AgCN. 
In Ki'/io(GN)̂  the cyanide v/as also determined by the 
distillation of nitrogen as ammonia. 
(iv) The Qxalato and Carloonate Complexes 
Molyl3d.enum ion:- The moiyhdenura was determined after 
digestion with sulphuric acid to destroy the oxalate and 
carbonate groups by the reduction with zinc method. 
/immonium ion;- The ammonium was determined by the 
chloro platinate method and reduction to platinum. 
Potassium ion;- The potassium was determined by the 
chloroplatinate method and reduction to platinum/ 
Oxalate ion:- The oxalate was determined by pre-
cipitating the oxalate as calciujn oxalate. The oxalic 
acid liberated from the calcium oxalate with sulphuric acid 
was titrated at 80^C with standard potassium permanganate. 
> 
Carbonate ion:- The carbonate was determined gravi-
metrically as bariiim carbonate. 
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QEINTERAL PROPERTI.ES 
K Mo(cn) 
5 Y/hite crystals^ not very solulDle in 
water - colourless solution^insoluble in 
general organic solvents. Solulole in K 
solution. On heating the crystals colour-
change to "brown then give a yellow melt and on 
cooling a v/hite crystalline product. 
K2^Mo(GN)g, 2H2O Yellow crystals; very soluble in water to 
give a yellow solution; not soluble in the 
conmion organic solvents; melts at about 300^0 
to give a black solid. 
K£̂ Mo(ClT)y« 2H2O Black solid; soluble in water to give a 
brown solution; insoluble in alcohol; changes 
to yellow cyanide in the presence of moisture. 
K^Mo Brov/n compound, red ¥/hen moistened with 
potassium hydroxide; very soluble in water to 
give a yellowish-brown solution; it does not 
melt but decomposes to give off cyanide and 
leave a white water insoluble residue. 
(M^) MO Gig Rose red crystals; very soluble in v/ater to 
give a red solution; insoluble in general 
organic solvents; on heating it decomposes to 
give off ammonium chloride and a yello?/ residue. 
K^ Mo Gig Brick red compound; very soluble in water to 
give a red solution; insoluble in general 
organic solvents; on heating it melts and de-
composes and leaves a black residue. 
LiyvIoClg. gn^O Wine-red crystals extreraely soluble in 
water to give a red solution; the crystals 
are very hygroscopic; soluble in acetone, 
alcohol, and ether. 
Yellov/ crystals very soluble in water; 
3 
soluble in acetone and alcohol. Decomposes 
at about 60°C. 
I'lH^MoCoXj^.SH^O Brown compound; very soluble in water to 
give a reddish-brown solution; insoluble in 
general organic solvents; it chars at 60^G. 
MoCl^.H^O Bright brick-red crystals; very soluble in 
water to give a light red solution. Peman-
ganate oxidises the complex in solution to a 
deep blue colour which disappears on complete 
oxidation. 
K^ Mo Brg Brick-red crystals, soluble in water and 
alcohol to give a yellow solution. 
(iffî ) MOCSCI'O^.UH^O Bright yellow crystals; similar proper-
ties to the hexathiocyanate. Addition products 
HCl or acetic acid do not seem to occur with the 
penta complex as happens v/ith the hexathiocyanate. 








Dark-red powder; slightly soluble in 
alcohol and acetone; insolu"ble in v/ater 
and nitrolDenzene. 
Chocolate po¥/der; slightly solulDle in 
alcohol and acetone; insolu"ble in water 
and nitrobenzene. 
Dark-red powder; slightly soluble in 
alcohol and acetone; insoluble in water 
and nitrobenzene. 
Chocolate powder; slightly soluble in 
alcohol and acetone; insoluble in v/ater and 
nitrobenzene. 
Orange powder, insoluble in water and 
alcohol; soluble in nitrobenzene. 
Orange-yellov/ poweder; insoluble in v/ater 
and alcohol; soluble in nitrobenzene. 
The colours of the dipyridyl compl.exes are 
brighter than those Oif the corresoonding 
phenanthroline complexes. 
C. Mametic Susce 'pt ibi l i ty Deteminations 
The Gouy method was used f o r the determination of 
magnetic s u s c e p t i b i l i t i e s in this thes i s . 
The Magnet: The electro-magnet was constructed "by winding 
tv/o c o i l s of 1U60 turns of ili. gauge enamelled copper wire 
around one inch mild steel cores . The pole p ieces were 
set O.U inches apart and by using amperage of 1 b the 
f i e l d across the pole p ieces v/as 10,000 gauss. ITo residual 
f i e l d remained beyond one second a f t e r the current had been 
switched o f f . 
The G-ouy tube was of glass and was suspended by a gl^ss 
f e r r u l e and a -thin glass rod from a semi-micro balance. To 
detemine the height of the material to be used the relation-
ship between H^ and Ĥ  was established from the fo l lowing 
f i g u r e s : -
P u l l on Cu SÔ ^ .5H2O (powdered) V 
H e i g h t i n G-ouy Tube 
Amps, i 6 » 0 Temp, 2 0 . 8 ^ 0 . 
H e i g h t 
CSbis« • 
Mag. 
o f f 
Mag. 
On 
P u l l = on GuSo,..5HoO + 1 .63 ^ ^ 
1 3.-17080 3 .17052 -0o20 1 .35 
2 3 . 2 m o 3 .30327 + 8 . 8 7 1 0 . 5 0 
3 3.U2679 3.U380U +11 .25 12.88 
k 3.5579U 3.56978 +11.8U 13.U7 
5 3.68-190 3.6937U 13 .47 
6 3 .82760 3.839i4-U +11 .84 13.U7 
Amps 
U Cms. H e i g h t 
Amps. Y' P u l l , 
2 . 5 3.5U761 3.5U998 + 2 .37 i+.OO 
3 If 3 .55150 + 3 . 8 9 5 . 5 2 
6 If 3.55U1« + 6 . 5 7 8 . 2 0 
8 tf 3 .55562 + 8 .01 9 .6 i i 
10 It 3 .55620 + 8 . 5 9 10o22 
12 It 3 .55750 - ^ 9 . 8 9 11 .52 
tt 3 .55800 -^10.39 12 .02 
16 tf 3 .55860 f 1 0 . 9 9 12 .62 
18 It 3 .55920 -^11.39 13 .02 
20 If 3 .55952 • M l . 7 1 13.3U 

Prom the graph the required height of the material 
to he taken is U cm. 
Using k cm of powdered Cu SO^ •SH^O the pull on the 
material was recorded against increasing amperage. This 
only showed that increasing amperage gave increasing pull 
on the balance hut it was noted that at amps and higher 
the temperature of the coils increased. At.i6 amps the 
temperature v/as constant particularly with intermittent work 
and it was decided to use^16 amps. 
Having established the height of the material to he 
taken and having selcted the amperage to he used in the 
circuit, the Gouy tuhe was calibrated using powdered GuSOĵ  
• SH^O (Xx 10^ = 5.90 at 20''C) 
Having calibrated the tube the reduced expression 
was used to determine the value. 
The vaiue of was determined by multiplying the 
volume susceptibility of air taken as 0,029 by the volume 
of U cm of the tube c< = 0,029V = 0.010, 
The constant was calculated from, the expression 
X = ^ + 
w 
?/here F* = the pull on the tube, F plus the pull £ 
on the tube. That is F* = P + £ 
Prom these calculations ¡3 = 0o223 
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TABLB FOR cL C0riST4j.-JT 
y/t.of licm Tube Volume (ml) Temp. 
watercdl Weight of ' U cm. (e.029V) 
3.38629 3.03860 0. 3U769 17^0 0.01008 
3.38550 tf 0.3^690 If 0.01 006 
3.38776 II 0. 3U916 !? 0.01012 
3.38750 It 0.3U860 tr 0.01011 
TABLE FOR ^ CONSTArff 
(using powdered Gu SO, • i'HgO) 
Magnet 4 w Temp. ß Off On m.p:. Amps. 
3.i4-39U2 3.i^781 +8.39 16 17.9 0. 23500 
3.^330U +8.53 16 17.5 0. 22310 
3.U9336 3.5Ü36U 10.2Ö 16 18.1 0. 221|33 
3 . W 3 2 3.50070 10.38 16 17.3 0. 22105 
3.50212 iO.i-i-O 16 17.5 0. 22139 
3.U9182 3.50223 10. Ui 16 17.7 0. 22128 
3.51162 3.52252 10.90 16 17.7 0. 221 92 
3.W232 3.50292 10.60 16 17.8 0. 21806 
3.^-5239 3.U0I69 9.30 16 I Ö . I 0. 222i4-i4 
3.U3311 8.99 16 18.3 0. 22198 
t 
X ni ^^ equal ^ ^ + diamagnetic c o r r e c t i o n s 
and the e f f e c t i v e magnetic moments of the molybdenum in 
the paramagnetic complexes were c a l c u l a t e d from the 
expression; 
^ ( e f f ) = 
X T 
The diamagnetic c o r r e c t i o n s .used in the experimental 
work were from Sel wood "Magneto Chemistry»' pp. 36, 1+6, (55) 
and Van Vleclc ^'Electric and Magnetic S u s c e p t i b i l i t i e s " 
pp. 223, 225. ( 6 1 ) . 
TABLE 0? DIAMACMBTIC CORREGTJOWS 














1 3 . 0 
31.0 
13.3 
H (COvalent) 2.93 
Water X X 10̂  ai 20^ 
0 (covalent) U.ô 
0 (covalent) 6.0 
N (r ing) Í4.6 
- 0.7218 
The magnetic s u s c e p t i b i l i t i e s of the complexes are 
g i v e n in t a b u l a r form, on the, f o l l o w i n g two pages. 
MAG-Nii;TIC SUSCEPTIBILITY MEASUREMEOTS 
-NJ 
I 
Complex X x l O ^ 
Y X 1 
m + 
D i a m a g n e t i c 
C o r r e c t i o n s 
Temp. 
^C. 
Magnet i c 
Moments 
A ( B o h r Mametons ) 
( M . ) TMOCI^"" H 2 — O-
K^ ( l l o C l g " 
16 .L9 5986 6166 24 3.8U 
1 3 - 1 5 560i-|. 5789 18 3 . 7 
8 . 6 8 591^5 6239 1 9 . 5 3 . 8 4 
L i ^ MoCl^J .9E^0 1 1 . 5 8 5796 61U5 2h 3.8i| 
(ra^) [MOCI^ .u^OJ 17o9 5853 6007 21 3 . 8 6 
1 0 . 8 0 6156 6U34 22.iU 3 . 8 6 
1 2 . 3 7 6110 16 3.82+ 
8 .01 5UU3 5132 20 3 . 7 2 




M A G i ^ / n C S U S C E P T I B I L I T Y M S A S U R M / I E m ' S ( 2 ) 
03 
I 
C o m p l e x 
B r 
B r -
j ^ M o ( p h e n ) ^ 
fMo(dipy)^" 
M o ( d i p y ) ^ J c i 
M o ( p h e n ) ^ C I . 
M o ( d i p y ) J I J 
l/Io(pheii)̂ "" I J 
3 
X X 10 
6 . 3 8 
7.26 
7.84 
7 . U 3 
6 . 1 3 
5.80 
D i a m a g e n t i c C o r r e c t i o n s 
T e m p , 
M a g n e t i c M o m e n t s ( B o h r M M a p i n e t o n s ) 
5 8 1 9 6238 1 9 . 5 3 . 8 3 
5 8 3 7 6256 2 0 . - 1 3 . 8 4 
5263 56I4.8 2 0 . 5 3.66 
5 7 8 0 6300 2 0 . 3 . 8 3 
5 7 9 0 6290 1 7 . 7 3 . 8 4 
6-130 6630 1 9 . 3 . 8 4 
D. COIIDUGTIVITY MEASUREMEiiTS 
Conductivity measurements show that the chloride 
complexes hjrdrolysed slightly and that the cyanides v/ere 
comparatively stable with verĵ  slight hydrolysis. 
In the first instance measurements were taken on 
(Iffi:̂) MoClg with dilution, 
3 
The conductivity cell had fixed electrodes (1 cm apart); 
-1 
the cell Constant was 0.3653 cm 
One gram of (KH^) MoClg was dissolved in 25 ml of 
3 Q conductivity water and the resistance measured at 25 G and 
Dilution 
ml 
Goncn. Y Goncn. Molecular 10G 
Gonductance 
25''G 
25 0.1103 0.332 115 233 
50 0.0552 0. 23̂4- 115 2k9 
100 0.0272 0.165 1 25 288 
200 0.0138 0.1175 13U 3014-
liOO o.oo6y 0.083 1U7 331 
800 0.0035 0.059 159 380 
1600 0.00175 O.OI4-I7 192 k25 
3200 0.000875 O0O296 269 529 
Molecular conductivity of Mo Gig at infinite 
dilution was then plotted against time as hydrolysis was 
indicated from the molecular conductivities on progressive 
dilution. 
A solution one grain mol. per ^02k litres was made and the 
following figures shov/ how the molecular conductivity increased 
v/ith time at 25^0. 
Molecular 
Conductance (M/iOOO) 37U, 372, 370, 366, 361, 35ö, 36O. 
Time (mins.) 2.5, 3.5, U.5, 5.0, 6.0, 7.0, 8.0. 
M o l . Cond.(l^i02ii) 375, 36U, 360, 381, 38U, 394, 39U, 398, 1|00. 
Time (mins.) 
M o l . Cond. 
Time (mins,) 
M o l . Cond. 
Time (mins.) 
M o l . Cond. 
Time (m.ins.) 
M o l . Cond. 
Time (mins.) 
9 . 0 , 9 . 5 , 1 0 . 0 , 1 1 .0,12.0,13.0,1U.0, 1 5 . 0 , 1 6 . 0 . 
U07, Uli, ,U13, U16, UI9, lj.22, k27. 
1 7 . 0 , 18.0, 19.0, 20.0,21.0, 22.0, 23.0, 2i+.0. 
k28, U32, U36, il37, i+37, W+O, UU4, 
25.0, 2 6 . 0 , 2 7 . 0 , 2 8 . 0 , 2 9 . 0 , 30.0, 3 1 . 0 , 3 2 . 0 . 
kkB, U52, U52, U5k, U56, U59, U60, U62. 
33.0, 3U.0, 35.0, 3 6 . 0 , 3 7 . 0 , 3 0 . O , 39.0, UO.O. 
U66, kei. h69, U71, 475, U90, 510, 795. 
I4.I.O, k2.0, U3.0, IjiuO, 1+5.0, 50.0, 6 0 . 0 , 1 9 5 . 
These conductivity measurements show that hydrolysis occurs 
with time. Molecular conductivity at infinite dilut:;.on at zero 
time, a conductivity of 375 mho is obtained. V/ith three 
ammonium ions and one triple charged anion the molecular con-
ductance indicates four ions present. 
K ^ MoClg 0.0Ul6g in 100 ml water 
25°C 
Mol.Cond. (M/1U2I.) 375,391 ,393,398,407,41 2,i4l 8,422,UU2,U70,h80,483 
Time (minso) 3 , 4 . 5 , 5> 6, 7, 8, 9, 10, 15, 20, 22,25. 
M o l . Cond. 486, 494, 5u3, 5^7, 553, 563. 
Time (mins.) 30, 35, 4 0 , 4 5 , 5b, 60. 
M o Br^ 0>0693g in 100 m l water, 
M o l . Cond. (M/1000) 360, 363, 36?, 372, 389, 3^1 , 392. 
Time (mins.) 1, 2, 3, 5, 15, 20, 23. 
(im^)^ M o Cl^ .H^O O.Q327g/ 100 ml water, 23^C 
Mol. Cond.(M/1000) 265, 266, 273, 2öU, 28?, 289, 302. 
Time (mins.) 0.5, 2, 3, 6, 8, 10, I5. 
Li^Mo Clg .9H2O 0.0572g/100 ml water, 25'^G. M/98O 
M O l . Cond. (M/1000) 275, 275, 277 
-Time (mins.) 5, 1u, 30. 
{ m j J ^ Mo(SCN)g 3(GH^) CO • 0o0671/100 ml water, 25^0. 
M o l . Cond. (M/1000) 5U6, 5U7, 5Uö, 5U9. 
Time (mins.) 3, 6, I3, 18. 
( m ^ ) MoiSCrOg.UHgO 0.058Ug/100 mi water. rV960. 
M o l . Cond. (M/960) 372, 375. 
Time (mins.) 5, 75. 
(RRA^) M o ( 3 C I T ) ^ .14^120 O O Q L | - 9 W 1 Q O mi water, 2 5 C . 
M o l . Cond, {(^¡fooo) 276, 279, 281 , 282, 282. 
Time (mins.) 1, 2, 8, 12, 15o 
K ^ M o O ^ (GN)^ (reddish-brown) -M.W. 338. 0.0388p:/100 water. 25^G, 
Mol. Cond. (M/1000) 354, 35U, 35U, 35^+. 
Time (mins.) 3, U , 5, "¡0. 
K^Mo(Cl\l)Q.2HgO (liRht yellow from K^Mo Gl^) Temp. 25^G 
M o l . Cond. (M/1000) k 8 7 , U87, ¿+37, U87, 487, 
Time (mins.) 3 , 5 , 6, 1u. 
- 1 0 2 -
K^ Mo(CIT)Q>kH^O (yel low) 0,0214.8^/50 ml v/ater, 25^0. 
Mol . Gond. (M/1000) 506 
K Mo(Gl-j)^ (whi te) e,0265^/50 ml water . 25^G> 
Mol . Gond. (M/500) 160, 15^3, 157, 157, 157, 157, 157» 
Time (mins . ) 5 , 6 , 7 , 8 , 12, 2U, 30. 
K^ Mo(GN).^,2H^0 (Slacic) , 0 .0565^/100 ml water , 25^0 
Mol. Gond. (M/1000) k l h , k l k , k l k f 510, 512. 
Time (mins . ) ; , 3 . 5 , 8 , 20, 90. 
K^ Mo(GN)-^ .m^O. 0.0565p :/100 mi water , 25^G and a i r -blovm 
^ throuA^h s o l u t i o n . 
Mol . Gond.(M/1000) 520, 520, , 5 2 0 , - 520, 520, 520. 
Time (mins . ) 1, 2 , 3 , U , 5 , 6 . 
PH 9-26, 9 . 3 2 , 9 0 U , 9 . 3 5 , 9 . ^ 6 , 
c o n t ' d . ^̂  ~ " ^̂̂  560; 
1 0 , 1 5 , 20, 25, 80. 
10 .23 , 10 .8U , 1 0 . 9 2 , 10 .93 , 1 1 . 0 . 
KgMo(GO.) .2H2O M.W. 666. 0.032^5^/50 ml w a t e r , 25^0 M/1016 
5 
Mol. Gond. (M/101b)68i4, 685, 688, 689, 691 , 69U, 695, 696, 698. 
Time (mins . ) 2 . 5 , 3 , U, 5, 6, 10, 1 3 , 15, 25. 
(Î IĤ )̂ Mo(0X)^.8?l20 
Mol. Gond.(M/1000) 727, 730, 731, 731, 735, 735. 
Time (mins . ) 3 . 5 , 5, 6 , 7 , 10, 1 6 0 . 
a f t e r t h i s t ime I60 m ins , t h e s o l u t i o n was d i l u t e d w i t h t h e 
f o l l o w i n g r e s u l t s : -
D i l u t i o n (M/2000) MAOOO M/8000 M/1 6OOO M/32000 !t/6U000 
Mol. Gond. 790 8U5 936 1038 1226 1k93 
{ m j J MoGlg.NH^^ CI .2H2O 
25^0 
Mol. Cond, (m/994) 
Time ( m i n s . ) 
730, 
3 , 
730, 6, 730. 9. 
L i ^ MoGlg.LiCloSH^Q Q.QU52g:/10Q ml water. 
Mol. Cond. (M/ÌOI7) 3 1 5 , 
Time (mins . ) ¡4, 
35U, 
6, 
4 2 2 , 
i u . 
681. 
60. 
O.Q236P:/1QQ ml water, 25^C.  
3k6, 358, 369, U51, 700. 
2 , kf 6, 30, 85. 
M0I. Gond. (M/I8I9) 
Time ( m i n s . ) 
MQ(dipy)^ Br^ 
Mol. Cond.(M/1000) k5o3 
Time (m.insO 2 
Mo(phen)^ Br^ 
Mol. Cond. (m/1 OOC) h 3 . 6 
Time (mins.) 2 





0. 0228/7/2!p rnl nitrolpenzene, 25^G. 
U3.6 
16 
Mo(phen)^ Gl^ o, O.QQ2Up^/25 ml absolute a l c o h o l , 25 C . 
Mol. Cond, (m/8000) 4 2 . 6 , 4 2 . 6 , 4 2 . 6 . 
Time (mins . ) 4 , 1 2 , l b . 
Mo(dipy)3Gl3 o. 0.0021 ff:/25 ml a l c o h o l a b s o l u t e , 25 G. 
Molo Cond. (M/8000) 4 3 . 4 4 3 . 4 
Time ( m i n s . ) 9 1 5 
Mo(phen).^ 
-o. 
0 . 0 0 3 3 ^ / 2 5 ml absolute a i c o h o l , 25 G 
Mol. Cond, (m/8000) 43o2 4 3 . 2 4 3 . 2 
Time ( m i n s . ) 2 1 3 1 5 
-10U-
MQ(dipy)^ 0>0029g:/2^ ml alpsolute alcohol, 25^0. 
Mol. cond. (M/8000) 
Time (mins,) 
UU.1 
2 8 15 
MOLECULAS CQI'IDUGTIVITY 
of complex ions (Calculated), 
Complex Formula Weight in X litres 
Molecular Complex Ionic Cond< 
Conductance Ion (calc'd)• 
E^jMoClgJ 
K3PÍ0 BrgJ 







(Mi^) Mo(3GN)^.UE^0 96O 








Values of Xo fi'orn Kortiup. 
Vol. II, (86), Li = 38.7; K = 














Mo Brr D 
-|3-
3-MoClg] 
M O ( C 3 ) J 
Mo(Cim)^ 





















and Bockris ''Electrochemistry" 
73.5; = 73.5; == 
GITS = 3 9 . 9 . 1^7; Br - 79. 
M O L E C U L A R W A I G H T DE?ERMIHATIOI?S 
K^ MO(CÍM)Q : Depression of freezing jjoint method; 
with water as solvent the apparent M.W. equalled 100.Z.I- which 
indicates 5 particles, 
K^ Mo(CIT)y : Depression of freezing point method; 
v/ith water as solvent the apparent M.W. equalled 21.9 which 
indicates 20 particles. (These 2ü particles arise from 
alteration products which are discussed in the Section on 
Cyanides)• 
K Mo(CN)^ : Elevation of boiling point method; with 
water as solvent the apijarent M.W. equalled 132 which indicates 
2 particles. 
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A P P E N D I X 
A study of the colour changes during the 
llectrolysis of Molyhdenum trioxide in Hydrochloric Acid. 
As a preliminary work to the preparation of 
Molybdenum ( I I I ) complexes "by electrolysis it was considered 
desirable to ascertain the colour changes and the valency 
state of the molyhdenum at certain colours. From the 
electrolysis of solutions of molybdenum trioxide in strong 
hydrochloric acid the following states occur. 
Molybdenum (Vl) pale yello?/, 
Molj^bdenum (v) dark green, 
Molybdenum ( I I I ) cherry red. 
Electrolysis of Molybdenum Trioxide Mo dissolved 
in various Hydrochloric Acid Concentrâtions. 
The Electrodes used for reduction were a "bright 
platinum anode and a platinum "black cathode. The 
electrolyte was made "by dissolving 50g per litre of 
moly'bdenum trioxide in 10N, and 5N hydrochloric acid. 
If the electrolyte normality is greater than 8N 
in respect to hydrochloric acid irrespective of the 
concentration of molylodeniin (50 to 200 g/l) the colour 
changes in the catholyte are from the original pale yellow 
to green to "brown to red» The anoljrte changes slightly 
from the original pale yellow to a slightl3^ darker yellov/ 
colour and is pro"bably a chaiige from the hydroxy oxy 
chloride (MOO(OH)2CI2) to an oxy chloride. 
Electrolysis in iOIT Hydrochloric Acid, 
The current density v/as maintained at 0.01i-|. amps per 
square cm. The catholyte colour change was from yellow-
to light green to dark green to "brown to red. 
TABLjjj 1 . 
Potential Changes with MoO^ in 1 uH liCl Re(?-uctiQn 
Potential-tVolts^^ 
Colour Redox CYo/Z-^jPotenti^^-Cathode J-H 
Light Yellow + 0.76 + 0.78 - O.OU 
Apple Green + O.63 + 0.^5 0.00 
Dark Green +0.59 + O.Ì4-7 + 0.03 
Betv/een Dark 
Green and Brown hig drop in potential 
Brovm +0^56 + 0.U8 + 0.0L|. 
Brownish Red +0.59 + 0.k9 + O'.Oó 
A calomel reference electrode was' u-sea for figures 
obtained in Taole 1 and Tahle 2 . - ' 
Ether extractions v/ere made on the various colours 
produced and it was found that neither the light yellow 
nor the apple green were extractable. The dark green 
gave a green ether layer and a yellow aqueous layer. The 
ether extractahle green colour changed to yellow on further 
dilution with ether. The ether extractahle green is 
tervalent; the molj-̂ bdenurn has three unpaired electrons 
calculated from magnetic susceptibility determixiations. 
There was a big drop in cathode potential after the 
I 
green colour and before the reddish brown. This was from 
a positive to a large negative value but returned again to 
a positive potential - the change being too ra ;id to measure, 
Electrolysis in 7N and 6N Hydrocxiloric Acid> 
The current density was O.OiU amps per sq. cm. The 
anolyte "behaved in a similar mangier to that v/ith 10K 
hydrochloric acid. 
In the catholyte, however, no green colour fomed, 
the first colour' change "being to hrov/n. Further reduction 
-ted gave a hrov/nisha solution as with 10lj hydrochloric acid. 
TABLE 2, 
Potential Changes with Mo in 7N and 5N, HGl, Reduction 
Redox Cathode jytl (y^) 
Yellow ^0.68 i-0.66 >f-0.03 
Brown -^O.h,! +0.57 -i-O.OU 
Br-ovmish Red +0.14-9 -tO.58 +0.06 
The hrown solution gave a green ether extraction and 
a red aqueous layer the same as v/it h 10H iiGl. 
The large potential change was not recorded in Table 2. 
It was not detected hut prooably occurred. 
As a matter of interest the normality of ele^btrolysed 
solutions of 50g/l MoO^ in 10N, 7N and 5N h-rdrochloric 
acid were examined after electrolysis and these solutions 
were neutralized with sodium hydroxide solution. 
TABLJjj 3> 
Neutralization of Blectrolysed Solutions v/ith Sodj-urn H:̂ /-droxide 
Original ITormality Reaction v/ith «a,̂ )// Nsm Redox 
N o m a l i t y after Electrolysis at pH 7 Potential 
•ION 9I\T Blue & Brov/n ppts. 
7N 6.71M Red ppt 
5N li.9N Blue ppt. 0 . 26 V. 
(Molybdenum B l u e ) 
Magnetic susceptiloility deteminations were made during 
the progressive electrolysis of a 50g per litre Mo 0^ in 
ION hydrochloric acid using platinum anode and a platinized 
platinum cathode; voltage h . 2 ; amperage 0 . 24 . The resistance 
of the circuit was calculated at 17 .5 ohms. The anolyte and 
catholyte were separated in this experiment "by a f i lter paper 
plug. The cathode current density was 0 .176 arnrjs. per SQ. cm. 
56 determinations on the Magnetic "balance were made and 
the magnetic susceptibility was progressive until the cherry 
red colour was reached to give a yU value of 3 .72 B.M. 
Prom 19 hours to 35 hours the electrolysis proceeded 
overnight. 
TÁBLE ^ 
Magnetic Susceptj-bilities V Electrolysis 
Colour Slectrolysi s time (hours) 
Yellow 
Pale Green 1/12 
Green 1 /3 
Dark Green 1/2 
Intense Green 3«5 
Intense Green ho5 
Brown with) 7.5 some Green) 8,0 
Brown 9 
Dark Brom 11 
Brown withi some Red ) 11,5 




i l it 



























Mo(v) Mo(l l l) 
90'i Mo ( I I I ) 
Mo(lI i ; 
Mo(l l l) 
Mo(l l l) 
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DISCUSSION 
The "big drop in potential o"bserved in the cathode 
potential in the i OIT "between the dark green and hrown 
colour indicates a change from Mo(v) to Mo(lV). Mo(lV) 
is diamagnetic having paired electrons and it is reasonable 
to say that at this stage Mo(lV) is formed and it is so un-
stable that it does not persist for any appreciable length 
of time. 
Poerster, Fricke and Hauswald (88)(89) in their studies 
on the electrolytic reduction of acid molybdenur-n solutions 
found that the Mo(lV) step is "a sudden jump" and that re-
duction beĵ ond the Mo(lll) step is impossible. This is in 
keeping ,with experimental work for this thesis and even UOC^ 
of current in excess of that required theoretically failed 
to reduce to the Mo(ll) state. It was found that to produce 
a green state of all Mo(v) an excess of coulombs, febout 12. 
above the theoretical was required; and to produce a red 
solution, all Mo(lll) , extra coulombs were necessary 
under the conditions of the experimental electrolysis. 
These excesses of the electrical equivalents over that 
theoretically required are due to polarization effects and 
probably due to the formation of a diaphragm and probably a 
mixture of Mo(Vl) and Mo ( v ) , (MoOy^OpO^.xH^O) (88) (89). 
The reduction Mo(v) to Mo(lll) is due to concentration 
polarization. 
The dark green solution Mo(v) was complexed v/ith thio-
cyan^te and gave the characteristic "blood red colour of 
Mo(SON) 
It was found that aluminium and zinc reduced Mo(Vl) 
in 8IT and 10iT to green through to red whereas staimous 
chloridQ reduced the Mo(Vl) to Mo(v) only; which is at a 
maximum of 1:1 Mo(Vl)/Sn(ll) (9̂ !). 
The dctirk green Mo(v) and the cherry red Mo(lll) states 
v/ere confimed "by titration with standard potassium perman-
ganate solution. 
The only reported reduction of molyhdenum (Vl) to 
molylDdenum (IV) is by Lois Meites. This occurred during 
polarographic determinations "oy apparently forming a stable 
citrate complex (92). 
Molybdenum (IV), olive green, has been reported by 
Glemser and Sutz (93) by reduction of MoO^, suspended in 
hydrochloric acid, using zinc powder. The olive green 
compound produced is air-sensitive and unstable and they 
give it the formula Ĥ I'̂ ô Ô (OH)Q. 
Experimental work on electrolysis for this paper has been 
confined to the higher concentrations of hydrochloric acid 
as work on electrolysis in producing various molybdenum 
complexes was done in strong hydrochloric acid. 
Therefore no consideration was given to acid concentra-
tions of the order 211 and conditions such as the green 
Mo(lll) (9Ij.) from dilute acid would not "be used. 
The progressive electrolysis in 8N or ^ON hydrochloric 
acid in regard to colour-changes-valency state may "be 
summarized as:-
Pale Yellow, Mo(Vl); Dark Green, Mo(v); Cherry Red, Mo(lll) 
No attempt was made in determ.ining potentials to 
duplicate the work of Foerster, Fricke and Hauswald. 
Concentrations of MoO^ of 200 g/1, 100g/l, and iOg/l 
"besides the 50 g/1 were investigated for colour changes and 
it was found that the detemining factor was acid concentra-
tion and not molybdenum concentrations within this range. 
The colour changes v/ere the same when mercury was used 
as a cathode and platinum as the anode. 
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Peh. 228 (1930). 
(90) Chilesotti, A., Zeit. Elektochem IJ, 173 (1906). 
(91) Bahko, A.K., J.Gen.Chem. U.S. S.R. IJ, 6^2-8 (19U7). 
(92) Meites, L., Anal. Chem. 25, 1752 (1953). 
(93) G-lemser, 0., and Sutz, G. Norturwissenschaften 37> 539-UO (1950). 
(94) Henderson, G.G. Proc. Chem. Soc. 1_9, 245 (1903). 
